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Abstract
Modern neuroimaging technologies provide us with non-invasive methods for study-
ing structure and function, and plasticity of the human auditory cortex. Here we have
acquired high spatial resolution functionalmagnetic resonance imaging (fMRI) data of
the auditory cortex in patients with unilateral hearing loss and tinnitus. Compared to
healthy controls, we found evidence of over-representation and hyperactivity in parts
of cortical tonotopic map that correspond to low frequencies sounds, irrespective of
the hearing loss and tinnitus range, which in most cases affected higher frequencies.
These findings suggest that hearing loss has a destabilizing effect on the tonotopic
organization in primary auditory cortex that is not restricted to the corresponding
frequency range of hearing loss and tinnitus.
One of the challenges in tinnitus studies is the high relevance of the hyperacusis con-
dition in these patients. The similarity and co-occurrence of these two disorders con-
tributes to the debate about the specificity of findings associated with tinnitus alone.
For classifying tinnitus patients with and without hyperacusis, we thus implemented
partial least square correlation (PLSC) analysis that builds upon the cross-covariance
information between audiogram and fMRI data. This method provides us with a multi
modal measure to successfully detect the hyperacusis condition in tinnitus patients
with 80% cross-validation accuracy, for the first time. The PLSC driven biomarker, also
yields the brain area playing a major role in the condition.
There is a vast heterogeneity in the anatomy of auditory cortex across subjects, there-
fore individualized delineation the exact border between primary and secondary
auditory cortex is a demanding research topic. Here we established a model of ex-
trinsic connectivity of auditory cortex with the two other regions of the brain that
have discriminative connectivity with primary and secondary auditory cortices. The
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resting state fMRI connectivity features are used for segmentation and are performed
exploiting twomethods as dynamical causal modeling (DCM) of effective connectivity
with 74% accuracy and functional connectivity with 71% accuracy. This data-driven
segmentation method, not only facilitate the definition of auditory cortex subregions
for fundamental research in the normal brain, but also yields a useful tool for follow-
ing the modification in the functional anatomy of this region as a result of hearing
disorders like tinnitus.
Key words: Auditory cortex, High-field fMRI, Tinnitus, Hyperacusis, Functional con-
nectivity, Effective connectivity
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Résumé
Les technologies de neuroimagerie moderne fournissent des méthodes non invasives
pour l’étude de la structure, la fonction, et la plasticité du cortex auditif humain. Ici
nous avons acquis, aumoyen d’une imagerie par résonancemagnétique fonctionnelle
(IRMf) à haute résolution spatiale, des données sur le cortex auditif de patients présen-
tant une perte auditive unilatérale associée à un acouphène. Par rapport à des témoins
sains, nous avons trouvé des preuves d’une sur-représentation et d’une hyperactivité
dans certaines parties de la carte tonotopique du cortex auditif qui correspondent
au domaine des basses fréquences, indépendamment de la localisation de la perte
auditive et de l’acouphène qui, dans la plupart des cas, touchent les fréquences plus
élevées. Ces résultats suggèrent que la perte de l’audition a un effet déstabilisateur
sur l’organisation tonotopique du cortex auditif primaire qui n’est pas limité aux
fréquences de la perte auditive et des acouphènes.
Un des défis des études de l’acouphène est la grande incidence de l’hyperacousie rap-
portée chez les mêmes patients. La similitude et la co-occurrence de ces deux troubles
contribuent au débat sur la spécificité des résultats associés à l’acouphène seul. Pour
classer les patients atteints d’acouphènes associés ou non à de l’hyperacousie, nous
avons utilisé la méthode « partial least square correlation (PLSC) » qui s’appuie sur
l’information des covariance croisées entre audiogramme et données de l’IRMf. Cette
méthode fournit pour la première fois une mesure multi modale permettant de dé-
tecter la condition d’hyperacousie chez les patients atteints d’acouphènes, avec une
validation de 80%. La PLSC permet également d’identifer la/les région(s) du cerveau
jouant un rôle majeur dans cet état.
Il y a une grande hétérogénéité inter-individuelle dans l’anatomie de cortex auditif et
la délimitation de la frontière exacte entre les cortex auditifs primaire et secondaire
v
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est un sujet de recherche actuel. Ici nous avons créé un modèle de connectivité extrin-
sèque du cortex auditif avec les deux autres régions du cerveau qui présentent une
connectivité discriminante avec les cortex auditifs primaire et secondaire. Les caracté-
ristiques de connectivité de l’état de repos données par l’IRMf sont utilisées pour la
segmentation, exploitant deux méthodes comme la modélisation causale dynamique
(DCM) de la connectivité efficace, avec une précision de 74%, ou la connectivité fonc-
tionnelle avec une précision de 71%. Cette méthode de segmentation de données
permet non seulement de définir les sous-régions du cortex auditif utiles pour l’étude
du cerveau sain, mais représente également un outil puissant pour trouver une altéra-
tion dans l’anatomie fonctionnelle de cette région à la suite de troubles auditifs tels
que l’acouphène.
Mots clefs : Cortex auditif, l’IRMf à haut champ, acouphène, hyperacousie, connecti-
vité fonctionnelle, connectivité efficace
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1 Introduction
1.1 Motivation
Established before birth, our hearing sense shapes our connection to the external
world in a remarkable manner: through the successive exposure to exquisitely rich
and varied sounds, information about the environment in which we live can be
gathered. Different types of hearing loss can interfere with the delicate auditory
nervous system machinery, leading to unwanted plastic changes in the auditory
cortex generation central hearing disorders. Tinnitus, the phantom perception of a
sound in the absence of any external auditory stimulus, is one of the most common
hearing disorders, affecting 10% of adults [Axelsson and Ringdahl, 1989]. In the most
common type of tinnitus (subjective tinnitus), the phantom perception originates
from aberrant activity of central auditory neurons [Roberts et al., 2010, Schaette
and McAlpine, 2011,Eggermont and Tass, 2015,Elgoyhen et al., 2015]. Despite the
potentially detrimental impact of tinnitus on the lives of affected individuals, no
effective treatment is currently available [Langers et al., 2012].
Animal studies have consistently found a link between tinnitus and downstream
neurophysiological changes in the central auditory system (midbrain, thalamic, and
cortical areas). Distortions are seen in the tonotopic frequency maps of the primary
auditory cortex. Many studies described this distortion as an overrepresentation of
the hearing loss or hearing-loss edge and have interpreted this is as the causal factor
1
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of tinnitus (maladaptive plasticity hypothesis) [Eggermont and Komiya, 2000, Seki
and Eggermont, 2003,Noreña and Eggermont, 2003,Noreña and Eggermont, 2005].
On the other hand, other recent studies describe a broader pattern of neural activity
changes, with map distortions occurring in relatively low-frequency areas away from
hearing loss and presumed tinnitus range [Engineer et al., 2011, Yang et al., 2011].
In human neuroimaging studies of tinnitus, altered primary auditory cortex activity
have been described [Langers et al., 2012,Wienbruch et al., 2006].In one such study
analyzing functional magnetic resonance imaging (fMRI) data [Langers et al., 2012], in
primary auditory cortex hyper-activity was detected, but a link to a specific part of the
tonotopic map could not be established due to inter-subject brain averaging. High-
resolution neuroimagingmethodsmay thus be expected to provide amore potent tool
for accurately studying the small primary auditory cortex area, permitting tonotopic
mapping in individual subjects. Here we have happed high-resolution functional MRI
imaging at 7 Tesla (ultra-high field strength) to test for plastic changes in the tonotopic
maps of primary auditory cortex of hearing loss and tinnitus patients. This subject is
investigated in the first study of this thesis.
One of the vivid challenges in tinnitus studies is the high co-occurrence of hyperacusis
in these patients; i.e., decreased tolerance to normal environmental sounds. The
co-occurrence of these two disorders demonstrates the inherent difficultly of disen-
tangling the effects of tinnitus from other co-occurring effects of peripheral hearing
loss [Salloum et al., 2016]. To date, there have been very few studies attempting to dis-
criminate the potential sources of both conditions [Zeng, 2013] and for this purpose,
finding a reliable method to detect hyperacusis in tinnitus patients is crucial. Here we
present a novel application of a partial least square correlation (PLSC) analysis, which
classifies the presence or absence of hyperacusis based on the cross-covariance be-
tween the patient’s audiogram (behavioral) and fMRI data. This subject is investigated
in the second study of this thesis.
The non-invasive identification and parcellation of auditory cortex subregions is
another challenging issue in the field. Because of inter-individual anatomical differ-
ences, defining the exact border between primary and secondary auditory cortex is a
2
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daunting task. Using common brain atlases that are based on the average anatomical
properties of a group of subjects will not be accurate enough, and although parcel-
lations of the auditory cortex based on myelin density or auditory tasks have been
extracted in some studies [Dick et al., 2012, De Martino et al., 2015], they remain
constrained by the experimental design parameters. Finding a reproducible parcella-
tion method that uses features independent from any experimental setting appears
an elegant strategy to bypass this complexity. Resting state functional connectivity
consists of an appealing option towards this direction and is increasingly used for
the parcellation of other regions of the brain [Shen et al., 2010,Chen et al., 2008,De
Luca et al., 2006,Golland et al., 2008,Achard et al., 2006,Barnes et al., 2010,Kim et al.,
2010,Li et al., 2015]. Resting state fMRI data can be acquired in a very short time and
without any dependence on an experimental task. To harvest this potential, and at the
same time enhance the ability to accurately model biological interactions between
brain regions, features related to effective brain connectivity stand as ideal candidates
to overcome the obstacles towards a precise auditory cortex parcellationmethod. This
subject is investigated in the third study of the thesis.
1.2 Outline and contributions
This thesis is presented as the compiled version, of several journal articles. The
following chapter presents an overview of the principles of fMRI data acquisition as
a tool for acquiring data for studying auditory cortex functional activity and also an
overview of auditory nervous system and related disorders. After this background, we
present the journal articles in chapters three to five. The sixth chapter concludes the
thesis and conveys outlooks for the future studying. My contribution in the journal
papers are as below:
Chapter 3: High-Resolution fMRI of Auditory Cortical Map Changes in Unilateral
Hearing Loss and Tinnitus. N. Ghazaleh, W. Van der Zwaag, R. Maire, D. Van De Ville
S. Clarke andM. Saenz, Brain topography, in press.
Contribution: The main author, contributed to all aspects of the work: Data acquisi-
3
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tion with 7TMRI scanner, Data analysis and writing.
In this work, ultra high-field fMRI at 7 Tesla is applied to investigate the altered func-
tional activity in the primary auditory cortex of patients with unilateral hearing loss
and tinnitus. We used 7T fMRI scanner to acquire high-resolution fMRI data. This data
with higher signal to noise ratio comparing to the recent human study [Langers et al.,
2012] that has acquired fMRI data at 3 Tesla, allows tonotopic mapping of primary
auditory cortex on an individual subject basis. Eleven patients with unilateral hearing
loss and tinnitus were compared to normal- hearing controls. Patients showed an
over-representation and hyperactivity in the part of the cortical map that corresponds
to low frequencies sounds, irrespective of the hearing loss and tinnitus range, which
in most cases affected higher frequencies. This large low-frequency distortion is con-
sistent with the previous findings in animal models. Overall, the findings suggest
that hearing-loss has a destabilizing effect on the tonotopic organization of primary
auditory cortex that is not restricted to the hearing loss and tinnitus frequency range.
Chapter 4: Detection of hyperacusis condition in tinnitus patients based on PLSC
features that link audiogramand fMRI tonotopy responses. N. Ghazaleh, W. Van der
Zwaag, R. Maire, M. Saenz and D. Van De Ville, Front. Syst. Neurosci, submitted.
Contribution: The main author, contributed to all aspects of the work: Data acquisi-
tion with 7TMRI scanner, Data analysis and writing.
Our goal in this study is detection of hyperacusis condition in tinnitus patients. To this
purpose ,from the same tinnitus patients as in the study of chapter three, we acquire
audiogram measurements that involve peripheral auditory system and for central
auditory systems we acquired high-resolution fMRI at 7T to picture the tonotopic
maps of the primary auditory cortex as a meaningful measure of brain activity. These
measures do not provide sufficient information for spotting the hyperacusis condition
when considered separately. To get meaningful biomarkers for classifying tinnitus
patients with and without hyperacusis, we implemented for the first time partial least
square correlation analysis (PLSC) that builds upon the cross-covariance information
between audiogram and fMRI data. The cross-covariance of these two sets of data
4
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proved to provide us with metrics for successfully detecting this condition in tinnitus
patients with 80% of accuracy and it is the first classifier that can detect hyperacusis
condition in tinnitus patients.The PLSC obtained biomarkers, also localize the brain
area playing a major role in the condition. These findings provide precious insight for
the clinical study of hyperacusis and its treatment.
Chapter 5: Subject-specific parcellation of auditory cortex based on resting state
fMRI functional and effective connectivity.. N. Ghazaleh, A. Razi, S. Kumar, G. Pretti,
K. Friston, M. Saenz and D. Van De Ville, Neuroimage, in preparation.
Contribution: The main author, contributed to all aspects of the work: Data analysis
and writing.
Segmentation of auditory cortex based on anatomical atlases is not enough precise
because of the huge differences in the topography of auditory cortex among individu-
als. Here we are going to use the pattern of extrinsic connectivity of auditory cortex
as the segmentation feature and exploit two methods of effective connectivity and
functional connectivity. The problem is defined as segmentation of auditory cortex as
the target region in two subregions of primary and the secondary auditory cortex. For
this purpose, we have built the model of effective connectivity of the voxels inside the
auditory cortex with two other regions of the brain that have discriminative connec-
tions with primary and secondary auditory cortex. These source regions of interests
are basolateral amygdala and hippocampus. Auditory cortex has been divided smaller
auditory patches, for each of them, we derive DCM effective connectivity with three
ROIs: auditory patch and the two source regions. Similarly, for functional connectivity
approach, we make drive the correlation of the resting state activity of each auditory
patch with the source regions. Spectral clustering of the graph model of auditory
cortex represents the two subregions of primary and secondary auditory cortex with
74% accuracy for DCM based and 71% for FC based segmentation, in average for
both hemispheres. This segmentation method built upon effective connectivity take
advantage of the information about the influence of the neurons on each other versus
the functional connectivity parameters which is a measure of statistical dependencies
5
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and leads to the lower clustering accuracy. This successful data-driven segmentation
method, not only ease defining the subregions of the auditory cortex for studying
healthy brain but also yields a powerful tool for following the modification in the
functional anatomy of this region in the result of hearing disorders like tinnitus.
6
2 Background
2.1 Brain imaging
Human beings have always been curious about unraveling the mysteries of the brain,
with motivations ranging from understanding of its underlying biological working
principles, medical diagnosis, or mind reading. To those aims a large panel of non-
invasive neuroimaging techniques can be used for human brain imaging. Different
types of magnetic resonance imaging (MRI) techniques have enabled investigation of
the structures and functions in the central nervous system, in normal or pathological
condition. Structural MRI techniques are used to study the anatomy of the brain and
functional MRI (fMRI) is used to study functional activity of the brain. The first fMRI
data get acquired in early 1991 in NMR Center at the Massachusetts General Hospital
(Fig.2.1) and led to remarkable findings in neuroscience research. This technique
provides a relatively high spatial resolution and is used in the data acquisition of
the projects, discussed in this dissertation. In this section, after an overview of the
principles of MRI, we describe the fMRI technique, and how it reflects neuronal
activity. Later on, we tackle the issues of ultra-high field MRI, as well as task based and
resting state fMRI [Ashburner, 2009].
7
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a different frequency by changing the strength of the magnetic field. When applying
a radio-frequency (RF) pulse with the same frequency as precession, a resonance
phenomenon occurs and nuclei flip into the high energy state. By changing alignment,
the direction of the protons towards the transverse plane is increased. When the
RF pulse stops, transverse magnetization vanishes. Nuclei then start emitting the
radio frequency pulse and go back to the equilibrium state over the duration of a
relaxation time. This emitted signal provides the measure that drives the intensity
of the images. Different relaxation times characterize different tissues. T1 is the
longitudinal relaxation time, which corresponds to the time period that the excited
proton requires to return to equilibrium, and is also the time taken by the spinning
protons to re-align with the external magnetic field [Dougherty et al., 2008]. T2 is the
transverse relaxation time and is defined as the rate at which excited protons reach
the equilibrium state, and also as the time for loss of coherence phase of the spinning
protons. Spatial localization is obtained by applying magnetic gradients, which are
magnetic fields whose strength changes gradually across an axis; hence, depending
on the field strength, the precession frequency of protons varies as a function of their
location. Acquisition of anatomical images is mostly based on T1values with a short
repetition time (TR) to maximize the difference in longitudinal relaxation during the
return to equilibrium, and a short echo time (TE) to minimize T2 relaxation effects.
In T 1 weighted images, tissues with high fat content (e.g. white matter) appear bright
and regions filled with water (e.g. cerebrospinal fluid) appear darker [Dougherty et al.,
2008,Weishaupt et al., 2008].
2.1.2 Functional magnetic resonance imaging (fMRI)
Functionalmagnetic resonance provides us with an indirectmeasure of neural activity,
which is based onmetabolic coupling (Fig.2.2). This form of MRI is blood oxygenation
level dependent (BOLD) imaging. Changes in the BOLD signal happen with a 1 to 2
second delay after neural activity, and follows three phases (Fig.2.3). In hemodynamic
response (HR), glucose and oxygen (O2) are constantly supplied by cerebral blood
flow to the brain to maintain neural activity. It means that in the active areas of the
9
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brain, glucose metabolism,O2 metabolism, blood flow and blood volume all increase.
The increase in oxygenated hemoglobin occurs in the capillary beds near the region
of neural activity. Increased oxygenated hemoglobin and increased blood flow lead to
a momentary decrease of deoxygenated hemoglobin during the initial phase. Then,
a large increase is observed during the overcompensation of oxygenated blood 4-6
seconds later, before a decrease back to below baseline and an eventual return to
baseline level following another 5-10 seconds. Deoxygenated hemoglobin is greatly
paramagnetic (unlike oxygenated hemoglobin), and thus, its increase introduces
an inhomogeneity into the nearby magnetic field and increases the intensity of the
image [Heeger and Ress, 2002].
Figure 2.2 – Neurovascular coupling in response to neural activity. Reprinted with
permission from [Heeger and Ress, 2002]
Acquiring fMRI data is done by consecutive sampling of the BOLD signal. Here, TR
10
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Strengtheningmagnetic field power in high fieldMRI scanners is a an attempt towards
improving the quality of MRI data. The ultra high field terminology is assigned to the
scanners with 7T or higher magnetic field comparing to high field as 3T and lower
field as 1.5 T. Increasing the field strength leads to longer T 1 and shorter T 2∗, making
the BOLD signal change stronger and providing the possibility of scanning at shorter
TR, with the requirement of higher performance gradients to prevent artifacts. As it is
shown in Fig.2.4, 7T imaging, comparing to 3T and 1.5T imaging, make it possible to
acquire images with higher resolution (in similar signal to noise ratio acquisition in
lower fields), and greater sensitivity to BOLD effects.
Figure 2.4 – Time course signal to noise ratio (tSNR) as a function of voxel volume
(spatial resolution). Averaged measures on different areas of cortical gray matter for
five subjects at each field strength. Reprinted with permission from [Triantafyllou
et al., 2005].
At higher resolution, the voxel size is smaller, meaning that each voxel includes a
smaller number of neurons. Therefore, physiological noise is decreased per voxel in
comparison to signal acquisition noise [Robitaille and Berliner, 2007, Zwaag et al.,
2015,Triantafyllou et al., 2005]. Because of these properties, high field imaging is ideal
for the detailed investigation of the functional organization of small brain regions.
A good example of its application is the highly accurate tonotopic of the primary
auditory cortex [Da Costa et al., 2011]. Furthermore, there are proven evidence for 7T
12
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periods, or by comparing different active conditions. This involves the design of an
experimental paradigm with defined time periods for each condition. The ideally
expected BOLD response will be the convolution of the task time course with the
hemodynamic response function. The amount of similarity of this signal with the
fMRI signal of each voxel defines the association of that voxel to the task. One specific
experimental design that is used for topographic mapping is phase encoding [Engel,
2012] [Li, 2014]. A topographic map is the sorted illustration of sensory input on the
cortex. In this experiment, the stimulus is presented similar to a traveling wave and
continuously changes. The task based fMRI data that is used in the chapters 3 and 4
of this thesis are acquired with a phase encoding experimental design for tonotopic
mapping. In this case, the traveling waves are continuous presentations of different
sounds with pure tone frequencies that are played with different time delays. The
regressors matching those tones can be expressed as similar waves, corresponding
to each tone with a phase shift associated with its order of play in different time lags.
To find out the best frequency match of each voxel, the linear cross-correlation of its
time course with all of the regressors is calculated and the highest value defines the
best frequency fit. A more detailed explanation of the experiment shown in Fig.2.6.
2.1.5 Resting state fMRI for discovering functional connectivity
Resting state fMRI data is acquired while the subject is not performing any specific
task, and is a measure of spontaneous brain activity. Analyzing this data has shown
the close correlation of activity time courses of spatially distant regions of the brain
[Biswal et al., 1995] that has been demonstrated in different sensory networks as
auditory, visual and somatosensory and high-level ones as default mode network
(DMN), attentional and salience network (Fig.2.8) [Seeley et al., 2007,Hampson et al.,
2002]. There are different methods for analyzing resting state data for detecting the
functional connectivity networks. The simplest form is seed-correlation analysis,
where the correlation of the average time course of an ROI with the other voxels in the
brain is calculated and the similarity of the connectivity pattern between neighboring
voxels in not taking into the account. The similarity matrix is obtained by calculating
14
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Figure 2.8 – RSNs, derived from group ICA analysis on young healthy subjects.
Reprinted with permission from [Palacios et al., 2013]
2.1.6 Dynamical causal modeling of effective connectivity
The ultimate goal of working on fMRI data is to find out the underlying neuronal
activity. The success of this goal is dependent on the accuracy of the hemodynamic
response in reflecting neural activity. DCM creates a fairly accurate neuronal model
of interacting cortical regions, based on hemodynamic time courses. and a forward
model that shows how the neural activity is represented in the measured signal as
fMRI. This makes it possible to estimate the neural activity parameter from observed
data (as fMRI data). This approach provides a more precise model of brain functional
networks called effective connectivity [Friston et al., 2003]. DCM originally is used to
model evoked brain responses.In defined regions of interest (ROIs), the experimental
designmatrices of each stimulus serve as the inputs of this model. The outputs are the
17
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sleep, sustain relationships, or hold employment. The sound is distracting, and can
have a significant impact on the quality of life. [Melcher et al., 2000,Kaltenbach, 2011].
There are two types of tinnitus: objective tinnitus and subjective tinnitus. Objective
tinnitus is a rare disorder, and is related to a physical sound source in the inner ear and
can be heard by someone else. Most of the time, the noise has some vascular source,
with other possible causes being palatal myoclonus, myoclonus of the tensor tympani,
tubal patency, or cochlear activity [Guinchard et al., 2016]. Subjective tinnitus is, by
far, the more common type of tinnitus, and is mostly associated with sensorineural
hearing loss of various types. Therefore, the ear itself does not generate tinnitus, but it
is a phantom perception resulting from plastic changes in the central auditory system
as a result of peripheral hearing loss. Recent animal studies [Yang et al., 2011,Engineer
et al., 2011] link tinnitus to tonotopic map reorganization and reduced inhibitory
neurotransmission in the auditory cortex of mice Fig.2.14, showing that reversal of
the A1 pathology eliminated tinnitus symptoms.
Human studies also support reorganization of the tonotopic map, but until now
lacked spatial resolution for fine-scale imaging in individual subjects. In [Wienbruch
et al., 2006], Using MEG the reorganization of tonotopic mapping in the human has
been reported in tinnitus patients, suggesting a maladaptive plasticity hypothesis for
tinnitus generation. However, as MEG is limited for studying the tonotopic maps of
auditory cortex, where multiple mappings converge at angles that are unresolvable by
this imaging method. In another human study [Langers et al., 2012], the hyperactivity
in the primary auditory cortex is detected in tinnitus patients without hearing loss,
but the allocation of these hyperactive voxels in the tonotopic map is not defined.
Hence, the investigation of the issue of the map cortical plasticity in tinnitus requires
a more precise data acquisition method such as high-resolution fMRI, as discussed in
the next section. Around 70% of tinnitus patients additionally suffer from loudness
hyperacusis. Hyperacusis is characterized by increased loudness discomfort and
decreased tolerance to normal sound levels, and is additionally a common symptom
of age-related hearing loss. Persons suffering from hyparacusis .experiencing trouble
in tolerating ordinary sounds that are neither threatening nor uncomfortably loud to a
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normal hearing person [Baguley, 2003]. Hyperacusis has been the subject of relatively
few studies and its underlying mechanism is unknown. It has been shown that animal
models of tinnitus show the same behavioral response compared to the hyperacusis
condition [Salloum et al., 2014]. The co-occurrence with tinnitus symptoms brings
complexity to the interpretation of results claimed to be related to tinnitus alone;
therefore, determining a method to discriminate both conditions appears essential.
2.2.3 Brain plasticity in tinnitus
The neural wiring network of the human brain is in constant modification to adapt
behavior to sensory input, due to multiple mechanisms collectively called brain plas-
ticity. Sometimes this plasticity leads to a pathological response, as in phantom limb
pain following neural deafferentation due to the loss of a limb [Flor et al., 2006]. Simi-
larly, auditory neural deafferentation associated with cochlear damage, are thought
to lead to changes in central neural activity in the auditory cortex leading to tinnitus
generation. [Langers et al., 2012]. Some animal studies support a maladaptive plastic-
ity hypothesis which proposes that an overrepresentation and/or hyperactivity of the
hearing loss or hearing-loss edge frequencies in the cortex generates tinnitus (analo-
gous to the leading phantom pain hypothesis). [Eggermont and Komiya, 2000,Seki
and Eggermont, 2003,Noreña and Eggermont, 2005,Noreña and Eggermont, 2003].
Other studies describe a broader pattern of tonotopic map distortions in the primary
auditory cortex, with large effects away from the hearing loss and tinnitus range. These
proposed changes may be described in the context of homeostatic plastic mechanisms.
Homeostatic plasticity refers to modifications in neural wiring and synaptic activity
to maintain a stable pattern of activity [Yang et al., 2011,Engineer et al., 2011]. This
group of studies notably found prominent hyperactivity in low frequency areas, away
from the hearing-loss and presumed tinnitus range. Thus based on animal studies, it
appears that tinnitus is associated with an alteration in the normal cortical mappings
of neuronal sound frequency preference in the primary auditory cortex, but the exact
pattern of changed to expect is unclear. Here, we applied high-resolution functional
MRI imaging at 7 Tesla (ultra-high field strength) to the primary auditory cortex in
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human patients with hearing loss and tinnitus, to better understand the neural basis
of this disorder.
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with some previous studies in animal models and corrobo-
rates a previous study of human tinnitus. Thus these ﬁnd-
ings contribute to accumulating evidence that gross corti-
cal tonotopic map reorganization is not a causal factor of 
tinnitus.
Keywords Tinnitus · fMRI · Primary auditory cortex · 
Neural plasticity
Introduction
Tinnitus, or ‘ringing in the ear’, is a common and poten-
tially debilitating hearing disorder for which treatment 
options are lacking. Tinnitus is estimated to aﬀect at least 
10% of adults, and approximately 2% of adults to the 
degree that it negatively impacts quality of life, potentially 
contributing to stress, anxiety, and insomnia (Axelsson and 
Ringdahl 1989). In the vast majority of cases, tinnitus is not 
generated in the ear itself, but rather stems from pathologi-
cal activity in auditory centers of the brain (Roberts et al. 
2010; Schaette and McAlpine 2011a; Eggermont 2015; 
Elgoyhen et  al. 2015). Peripheral hearing loss triggers 
downstream central neural activity that generates a “phan-
tom” sound perception, ranging from tonal to broadband, 
of which the center frequency tends to occur in the hearing 
loss range (Norena et al. 2002; Schecklmann et al. 2012). 
Treatment options are currently limited and a better under-
standing of central auditory changes is needed to guide 
treatment strategies.
In animal models of tinnitus, induced cochlear damage 
is associated with behavioral evidence of tinnitus symp-
toms. These studies consistently report numerous down-
stream neurophysiological changes in the central auditory 
system (midbrain, thalamic, and cortical areas) including 
Abstract Animal models of hearing loss and tinnitus 
observe pathological neural activity in the tonotopic fre-
quency maps of the primary auditory cortex. Here, we 
applied ultra high-ﬁeld fMRI at 7 T to test whether human 
patients with unilateral hearing loss and tinnitus also show 
altered functional activity in the primary auditory cor-
tex. The high spatial resolution aﬀorded by 7  T imaging 
allowed tonotopic mapping of primary auditory cortex on 
an individual subject basis. Eleven patients with unilateral 
hearing loss and tinnitus were compared to normal-hearing 
controls. Patients showed an over-representation and hyper-
activity in a region of the cortical map corresponding to 
low frequencies sounds, irrespective of the hearing loss and 
tinnitus range, which in most cases aﬀected higher frequen-
cies. This ﬁnding of hyperactivity in low frequency map 
regions, irrespective of hearing loss range, is consistent 
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increased spontaneous and driven neural activity, increased 
neural synchrony, and reduced inhibitory synaptic activ-
ity. However, it remains inherently diﬃcult to disentan-
gle changes related to tinnitus from other co-occurring 
eﬀects of peripheral hearing loss, including hyperacusis 
(decreased sound tolerance) (Sheldrake et al. 2015).
In the primary auditory cortex, animal studies have 
shown distortions in the normal mapping of sound fre-
quency preference, known as the tonotopic map. Some 
studies describe an overrepresentation of the hearing loss 
or hearing-loss edge frequencies (Eggermont and Komiya 
2000; Seki and Eggermont 2003; Noreña and Eggermont 
2003, 2005), and this ﬁnding has been taken to support a 
hypothesis that map distortion causes tinnitus (maladaptive 
reorganization hypothesis). Other studies, quite diﬀerently, 
describe a broader pattern of distortions that favors hyper-
activity in low frequency areas, notably away from the 
hearing-loss and presumed tinnitus range (Engineer et  al. 
2011; Yang et al. 2011).
Based on animal models, it is likely that hearing loss 
and tinnitus in humans is associated with altered activity 
in the tonotopic maps of primary auditory cortex, although 
the exact pattern of changes to expect is unclear. We have 
tested for such changes by applying high spatial resolution 
fMRI at ultra-high ﬁeld (7  T) to measure tonotopic maps 
of the primary auditory cortex in human patients suﬀering 
from unilateral hearing loss and tinnitus. 7 T imaging oﬀers 
distinct advantages for imaging small functional subunits 
in the cortex and facilitates ﬁne-scale tonotopic mapping at 
the individual subject level, as we have previously shown in 
normal hearing adults. The increased signal-to-noise ratio 
and available BOLD signal associated with ultra-high mag-
netic ﬁeld imaging at 7 T allows the use of smaller voxel 
sizes. Additionally, the BOLD signal is better restricted to 
cortical gray matter because the signal strength of blood in 
draining veins is reduced due to shortened  T2* relaxation 
time at higher ﬁelds, thus improving spatial localization 
(van der Zwaag et al. 2009, 2015).
In this clinical investigation, we studied patients with 
unilateral sensorineural hearing loss and tinnitus of at least 
6-months duration (n = 11) compared to normal hearing 
controls (n = 7). The inclusion of patients with only unilat-
eral hearing loss allowed the presentation of sound stimuli 
via the normal hearing ear, thus side-stepping the problem 
of unequal peripheral stimulation between hearing-loss and 
control groups. High-resolution 7 T fMRI imaging (1.5 mm 
isotropic voxels) was acquired over the auditory cortex to 
assess the organization of the primary tonotopic maps bilat-
erally. Notably, we observed map distortion and hyperac-
tivity in a region of primary auditory cortex corresponding 
to relatively low frequency sounds, peaking at 250–354 Hz, 
irrespective of the patient’s hearing loss and tinnitus fre-
quency range. These results do not support the hypothesis 
that tinnitus is caused by the overrepresentation of hearing 
loss (or near) frequencies, but do corroborate recent ﬁnd-
ings from animal models (Engineer et al. 2011; Yang et al. 
2011) and a previous human neuroimaging study of tinnitus 
(Langers and Kleine 2012).
Materials and Methods
Patients
All subjects gave written, informed consent. Experimen-
tal procedures were approved by the Ethics Committee of 
the Faculty of Biology and Medicine of the University of 
Lausanne.
Patients (n = 11, age 37.5 ± 12  years, age range 
26–49  years, 6 male, 5 female) were recruited from the 
outpatient clinic of Otolaryngology of the Lausanne Uni-
versity Hospital and underwent a complete ear, nose, and 
throat (ENT) assessment including standard pure tone audi-
ometry (PTA) and evaluation of tinnitus characteristics. 
Selected patients had chronic subjective non-pulsatile tin-
nitus associated with moderate to severe unilateral sensori-
neural hearing loss (SHL) in one ear only with a decrease 
in hearing thresholds of at least 40dB on three consecutive 
frequencies between 1 and 4 kHz, duration >6 months; and 
normal age-adjusted hearing thresholds in the unaﬀected 
ear. Age-matched control subjects (n = 7, 39.2 ± 10  years, 
age range 29–50 years, 3 male, 4 female) (Newman et al. 
1996) had normal bilateral hearing. Exclusion criteria for 
all subjects included a history of neurological or psychi-
atric illness and standard MRI contraindications. Hear-
ing loss originated from acoustic neuroma (noncancerous 
tumor of the auditory nerve), Meniere’s disease (disorder 
of the inner ear typically aﬀecting one side only), or uni-
lateral cochlear damage caused by head trauma, infection, 
or blood clot. Some patients subjectively reported hyper-
acusis—a decreased tolerance to sounds—which often 
co-occurs with tinnitus. Table  1 provides an overview of 
patient characteristics.
Tinnitus pitch was assessed by matching external tones 
presented to the unaﬀected ear from 125 Hz to 12 kHz in 
half-octave steps. Tinnitus loudness was subsequently 
assessed by matching the selected tinnitus pitch to sound 
levels starting at 15  dB above auditory threshold and 
increasing by 5  dB increments. Tinnitus discomfort was 
assessed by the French version the Tinnitus Handicap 
Inventory (Newman et  al. 1996). Patients reported THI 
rankings from 2 to 5 indicating mild to severe tinnitus dis-
comfort (Table 1).
The recruitment of patients with unilateral hearing loss 
allowed for the unimpaired delivery of sound stimuli via 
the unaﬀected ear. As such, both patient and control groups 
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(both stimulated unilaterally) received the equivalent stim-
ulation and any eventual diﬀerences in the measured fMRI 
response could be attributed to altered cortical rather than 
to altered peripheral processing. Note that a diﬀerent eﬀect 
of background scanner noise may remain between groups 
(See Discussion). Stimulation of either ear activates audi-
tory cortex bilaterally (van der Zwaag et al. 2011) allowing 
measurement of tonotopic maps in both brain hemispheres 
(See Discussion).
MRI Data Acquisition
Blood oxygenation level dependent (BOLD) functional 
imaging was performed with an actively shielded 7  T 
Siemens MAGNETOM scanner (Siemens Medical Solu-
tions) at the Centre d’Imagerie BioMedicale in Laus-
anne, Switzerland. fMRI data were acquired with an 
8-channel head volume RF-coil (RAPID Biomedical 
GmbH) (Salomon et  al. 2014) large enough to comfort-
ably ﬁt the headphones used for auditory stimulation, and 
a continuous EPI pulse sequence with sinusoidal read-out 
(1.5 × 1.5 mm in-plane resolution, slice thickness = 1.5 mm, 
TR = 2000  ms, TE = 25  ms, ﬂip angle = 47  deg, slice 
gap = 0.07  mm (5%), matrix size = 148 × 148, ﬁeld of 
view 222 × 222, 30 oblique slices covering the superior 
temporal plane). A  T1-weighted high-resolution 3D ana-
tomical image (resolution = 1 × 1 × 1  mm, TR = 5500  ms, 
TE = 2.84  ms, slice gap = 1  mm, matrix size = 256 × 240, 
ﬁeld of view = 256 × 240) was acquired for each subject 
using the MP2RAGE pulse sequence optimized for 7  T 
MRI (Marques et  al. 2010). Susceptibility induced distor-
tions are small in the area of the brain covered by our imag-
ing slab (van der Zwaag et al. 2009) and were further lim-
ited by the use of a limited matrix size in combination with 
parallel imaging to keep the read-out duration short. As a 
result co-registration between the functional images and the 
MP2RAGE was successful for all subjects, as veriﬁed by 
visual inspection.
fMRI data preprocessing steps were performed with 
BrainVoyager QX software including linear trend removal, 
temporal high-pass ﬁltering (2 cycles), and motion correc-
tion. Spatial smoothing and slice-timing correction were 
not applied. Functional time-series data were interpolated 
into a 1 × 1 × 1 mm volumetric space and registered to each 
subject’s own 3D Talairach normalized anatomical dataset. 
Cortical surface meshes were generated from each subject’s 
anatomical dataset using automated segmentation tools in 
BrainVoyager QX.
Sound Stimulation (General Parameters)
Sound stimuli were generated on a laptop computer using 
Matlab and The Psychophysics Toolbox (www. Psych-
toolbox.org) with a sampling rate of 44.1  kHz, and were 
delivered via MRI-compatible optical headphones (Audio-
System, Nordic NeuroLab). Sound level intensities were 
between 82 and 97 dB SPL, and were adjusted per fre-
quency to approximate equal perceived-loudness of 85 
phon according to standard equal-loudness curves (ISO 
226). Stimulus intensities were further attenuated approx-
imately 24 dB by the required use of protective earplugs. 
Earplugs inevitably attenuate sound spectrum unevenly, 
aﬀecting high frequencies more than low. All subjects 
reported hearing all tone frequencies at a clear and com-
fortable level, and were instructed to listen passively with 
eyes closed. Patients were stimulated in the unaﬀected ear 
only (Table 1) and control subjects were equivalently stim-
ulated in one ear only, randomly selected. Overall time in 
the scanner including set-up, two fMRI tonotopy runs, and 
Table 1  Tinnitus patients’ characteristics
ID Sex Age Hearing 
loss side
Hearing loss degree 
and frequency range
Tinnitus center frequency THi 
grade 
(1–5)
Tinnitus duration Hyper-acusis Hearing loss origin
P1 F 54 L >40 dB, >1000 Hz Noise 8000 Hz 3 >1 year Yes Cochear
P2 M 35 R >90 dB, full spectrum Noise 8000 Hz 3 >2 year No Cochlear
P3 M 44 R >60 dB, full spectrum Noise 1000 Hz 2 >2 year No Acoustic neuroma
P4 M 46 L >60 dB, full spectrum Noise 2000 Hz 4 >1 year Yes Cochlear
P5 F 46 L >40 dB, full spectrum Noise 1000 Hz
Tone 6000 Hz
3 >5 year Yes Meniere’s disease
P6 M 48 R >50 dB, full spectrum Noise 6000 Hz 3 >7 year No Meniere’s disease
P7 F 20 L >40 dB, <1000 Hz Noise 1000 Hz 2 >3 year No Acoustic neuroma
P8 M 46 R >50 dB, >2000 Hz Tone 6000 Hz 5 >6 month Yes Cochlear
P9 F 26 L >50 dB, >2000 Hz Noise 1000 Hz 4 >5 year Yes Acoustic neuroma
P10 M 27 L >90 dB, full spectrum Tone 8000 Hz 2 >10 year No Cochlear
P11 F 20 R >90 dB, full spectrum Noise 1000 Hz 3 >2 year No Cochlear
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an anatomical scan was approximately 45 min, suﬃciently 
brief for patient comfort.
Tonotopic Mapping Paradigm and Analysis
Tonotopy refers to the spatial layout of auditory neurons in 
gradients of sound frequency preference. Tonotopy origi-
nates on the basilar membrane of the cochlea which due 
to mechanical properties resonates best to high-frequency 
sound waves on the basal end and to progressively lower 
sound frequencies towards the apical end, hence creating 
a spatial gradient of sound frequency selectivity along its 
length. Tonotopic organization of auditory neurons is main-
tained in the auditory nerve, mid-brain, thalamus, and cor-
tex. In human primary auditory cortex, two tonotopic gra-
dients with mirror-symmetry (‘high-to-low’ followed by 
‘low-to-high’ preferences) are found running across Hes-
chl’s gyrus in each brain hemisphere, along an overall pos-
terior-to-anterior axis. Figure 1 illustrates the primary audi-
tory cortex tonotopic gradients with a color spectrum: red 
shows where neurons respond best to low frequency tones, 
and blue to high frequency tones.
These two mirror-symmetric gradients appear to cor-
respond to primary auditory cortex ﬁelds A1 and R, (Da 
Costa et  al. 2011; Langers and Dijk 2012b; Saenz and 
Langers 2014). In monkeys, both of these ﬁelds are con-
sidered part of the core koniocortical cortex along with a 
third smaller ﬁeld RT which has not yet been reliably con-
ﬁrmed in humans (Hackett 2011; Baumann et al. 2013). In 
humans, visualizing the two tonotopic gradients with fMRI 
allows localization of primary auditory cortex in individual 
human subjects (Saenz and Langers 2014), although the 
exact lateral border remains diﬃcult to deﬁne (See Discus-
sion). No diﬀerence in function is known between ﬁelds A1 
and R and they are treated together here as primary audi-
tory cortex.
To map tonotopy in the cortex, we employed a “phase-
encoded” mapping paradigm, a technique commonly used 
in the visual system for retinotopic mapping (Engel 2012), 
as well as in the somatosensory cortex for somatotopic 
mapping (Sanchez-Panchuelo et al. 2010). Brieﬂy, the map-
ping stimulus is designed to sweep the parameter space of 
the map (in this case, low to high sound frequencies), thus 
generating a wave of response across the cortical surface. 
Recorded activity peaks earliest at the low frequency map 
endpoint and progressively later in parts of the map prefer-
ring higher frequencies. The phase of the response reveals 
the preferred frequency of each responsive voxel.
The mapping stimulus (Fig.  1a) cycled through tones 
of 15 diﬀerent sound frequencies (88, 125, 177, 250, 354, 
500, 707, 1000, 1414, 2000, 2828, 4000, 5657, 8000, 
and 11,312 Hz, half-octave spacing), as in our previously 
described methods (Da Costa et  al. 2011). During each 
cycle, pure tone bursts of the ﬁrst frequency were pre-
sented during a 2  s block before stepping to the next fre-
quency until all 15 frequencies were presented, followed 
by a 4 s silent pause (Fig. 1a). During each 2 s block, pure 
tone bursts of the given frequency had variable onset times 
(50 and 250 ms duration randomly interspersed with 50 ms 
inter-stimulus intervals) to avoid a ﬁxed periodicity. Each 
34 s cycle (sounds plus silent pause) was repeated 14 times 
for a scan run duration of 7 min and 56 s. Each subject par-
ticipated in two scan runs (one with stimulus sweeps from 
low-to-high, and one in reverse order) since tonotopic pref-
erences should be independent of stimulus order, and the 
resulting maps of the two runs were averaged. Linear cross-
correlation analysis was used to determine the response 
phase that best ﬁt the measured fMRI time course of each 
Fig. 1  Tonotopic mapping in auditory cortex with 7  T fMRI. a 
Sound stimuli were pure tone bursts ranging from 88 to 11,312 Hz. 
As illustrated, tones were presented in slow cyclical sweeps from low 
frequencies to high (or in reverse order). These frequency sweeps are 
designed to induce a traveling wave of response across the tonotopic 
maps of primary auditory cortex. The time-to-peak, or phase, of the 
response in the measured fMRI time series of each voxel reveals 
its preferred frequency. Color-coded maps (red = low, blue = high) 
of preferred frequency are shown (b, left) in volumetric anatomical 
space and (b, right) on a cortical surface mesh of one sample control 
subject. A close-up of the temporal plane shows the outlined mirror-
symmetric frequency gradients from high to low and back to high (c, 
left). The same maps are relabeled (c, right) to show how the two gra-
dients correspond to anatomical ﬁelds A1 and R which together com-
prise the primary auditory cortex in each brain hemisphere. (Color 
ﬁgure online)
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responsive voxel. The assigned frequency preferences are 
color-coded from red-to-blue to indicate low-to-high.
Data analysis was performed in 3-D volumetric space 
in each subject individually (Fig.  1b, left). Resulting 
maps were projected onto cortical surface meshes to 
facilitate viewing (Figure b, right). On the cortical sur-
face, contiguous areas containing the two primary gra-
dients of auditory cortex (high-to-low followed by low-
to-high) were manually selected using drawing tools 
within BrainVoyager QX, as illustrated with dotted lines 
(Fig.  1c). Anterior and posterior borders were drawn 
along the outer edges of the high-frequency zones. Lat-
eral and medial borders were conservatively drawn to 
include approximately the medial two-thirds of Heschl’s 
gyrus, in accordance with human architectonics (Rivier 
and Clarke 1997; Hackett 2011) (See “Discussion”) and 
as in our previous studies (Da Costa et  al. 2011, 2013). 
The exact borders did not depend upon the particular 
correlation threshold used for display since the overall 
pattern was observable across a large range of display 
thresholds. Figure 2 displays the selected surface regions 
for all subjects. Next, the selected regions were projected 
into each subjects 1 × 1 × 1  mm volumetric space width 
of 2  mm (−1  mm to +1  mm from the white/gray mat-
ter boundary). Our relatively thin gray matter projection 
was eﬀectuated in order to avoid contamination by voxels 
from abutting cortical folds.
The data analysis of Fig.  3 included all volumetric 
fMRI voxels (1 × 1 × 1  mm interpolated) falling within 
this 2  mm thick region-of-interest (ROI) in each sub-
ject’s hemisphere. Relative frequency histograms show 
the percentage of the total number of voxels in the volu-
metric ROI assigned to each sound frequency (%voxels). 
Response amplitudes were measured as the maximal 
signal change in the average fMRI signal of all voxels 
assigned to each sound frequency within the volumetric 
ROI, as in (Da Costa et al. 2015).
Fig. 2  All individual subject tonotopic maps from the cortical sur-
face meshes are shown for patients with unilateral heaing loss and tin-
nitus (P1-P11) and normal hearing control subjects (C1–C7) in left 
and right hemispheres. The upper-left inset is provided as a reference 
of the anatomical orientation of all the plots (HG = Heschl’s gyrus). 
At a macroscopic level, patient maps were normal in terms of loca-
tion and orientation, running along a posterior-to-anterior axis across 
Heschl’s gyrus
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Results
Tonotopic maps of the primary auditory cortex, consisting 
of two mirror-symmetric frequency gradients (high-to-low 
followed by low-to-high) running across Heschl’s gyrus, 
could be identiﬁed in both hemispheres of all patients and 
controls (Fig. 2). At a macroscopic level, the mappings in 
patients were normal in terms of location and orientation, 
running along a posterior-to-anterior axis across Heschl’s 
gyrus on the temporal plane in both left and right brain 
hemispheres, and were consistent with the maps of control 
subjects and with expectations based on our previous stud-
ies in normal hearing subjects (Da Costa et  al. 2011; Da 
Costa et al. 2013; Da Costa et al. 2015).
Quantitative diﬀerences between patients and controls 
were observed. Figure 3a compares the distribution of pre-
ferred-frequencies across the maps in both groups. Patients 
showed a higher proportions of voxels preferring a range 
of low frequencies peaking at 250–354  Hz (Mann–Whit-
ney U test uncorrected: p < 0.05 at 250 and 354  Hz; fol-
lowing FDR correction for multiple comparisons: p < 0.05 
at 354 Hz), indicating an enlarged representation of those 
sound frequencies. Next, Fig. 3b compares response ampli-
tudes at each frequency in both groups. Patients showed 
higher response amplitudes peaking in the same low-fre-
quency range (Mann–Whitney U test uncorrected: p < 0.05 
at 117, 250, 354 and 500 Hz; following FDR correction for 
multiple comparisons: p < 0.05 at 250 Hz and 354 Hz) indi-
cating a hyperactivity in that part of the map. These pat-
terns were observed in both hemispheres, ipsilateral and 
contralateral to the hearing ear, and both sides are com-
bined in Fig. 3a, b. In Fig. 4, map frequency distributions 
and response amplitudes are re-plotted separately for both 
hemispheres, ipsilateral and contralateral to the normal 
hearing ear (i.e. the side of sound presentation). As can be 
seen, the low-frequency over-representation and hyperac-
tivity are common to both hemispheres.
The low-frequency area of over-representation and 
hyperactivity in patients did not correspond with the ranges 
of hearing loss, which were either across the full spectrum 
or limited to higher-frequencies (Table 1); nor did they cor-
respond with tinnitus pitch judgments which ranged form 
1000–8000  Hz (Table  1). No signiﬁcant correlation was 
found between response amplitudes at 250 Hz and tinnitus 
center frequency (R=−0.49, p > 0.05), THI score (R=-0.36, 
p > 0.05), years of tinnitus duration (R=−0.03, p > 0.05), 
or patient age (R=−0.01, p > 0.05), nor was there an asso-
ciation with hearing loss side, or presence of hyperacusis 
(p > 0.05). The occurrence of Heschl’s gyrus duplications 
(See Discussion) was similar across both groups: 10 par-
tial duplications out of 22 hemispheres in patients: 6 partial 
and 1 complete duplication out of 14 hemispheres in nor-
mal hearing controls.
Discussion
We applied high-resolution fMRI at 7 T to image the tono-
topic sound frequency maps of primary auditory cortex 
in individual patients with unilateral hearing loss and tin-
nitus, and in normal hearing controls. Evidence of cor-
tical map distortion in patients was two-fold: increased 
representation and increased response amplitudes of low 
frequency sites in primary auditory cortex. These changes 
peaked at 250–354 Hz, considerably lower than the tinni-
tus frequency ranges of the patients. Given this mismatch, 
we do not interpret these map distortions as a causal fac-
tor of tinnitus, and consider them more likely to be a co-
occurring eﬀect of hearing loss. As discussed below, the 
ﬁnding of low-frequency hyperactivity, irrespective of the 
Fig. 3  Quantitative comparison of maps reveals diﬀerences between 
tinnitus patients and healthy control subjects. a Distribution of pre-
ferred-frequencies. Patients had a higher proportion of voxels prefer-
ring low frequencies peaking at 250–354  Hz indicating an enlarged 
representation of those sound frequencies. b Response amplitudes at 
each frequency. Patients had higher response amplitudes also peaking 
in the low-frequency range indicating hyperactivity in that part of the 
map. (*p < 0.05 Mann–Whitney U test uncorrected, **p < 0.05 fol-
lowing FDR correction for multiple comparisons, error bars = SEM 
across subjects and hemispheres)
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hearing loss or tinnitus range, is consistent with recent 
studies in animal models (Engineer et al. 2011; Yang et al. 
2011) and corroborates a previous human fMRI study in 
tinnitus patients with normal hearing thresholds (Lang-
ers and Kleine 2012a). Our results do not rule out the 
possibility, and indeed likelihood, of other changes in the 
Fig. 4  Distribution of preferred frequencies re-plotted separately 
for both hemispheres a ipsilateral and b contralateral to the normal 
hearing ear (the side of sound presentation). Response amplitudes at 
each frequency re-plotted separately for both hemispheres, c ipsilat-
eral and d contralateral to the normal hearing ear. As can be seen, the 
patterns of low-frequency map over-representation and hyperactivity 
are common to both hemispheres. (*p < 0.05 Mann–Whitney U test 
uncorrected, **p < 0.05 following FDR correction for multiple com-
parisons, error bars = SEM across subjects)
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functional properties of neurons within the hearing loss and 
tinnitus range, which may not have been detected by our 
methodology.
Neurophysiological Mechanisms
The pathological mechanisms underlying tinnitus have not 
been resolved, however many clues have emerged from 
research in humans and in animal models. A key obser-
vation is that tinnitus perception typically corresponds to 
the side and frequency range of maximum hearing loss 
(Norena et al. 2002; Schecklmann et al. 2012), an associa-
tion that implicates neurons within the hearing loss range 
are responsible for tinnitus generation (Roberts et al. 2010). 
Although some tinnitus patients present with a normal 
audiogram, these cases may be accompanied by “hidden” 
hearing loss, occurring at high intensity levels not detected 
by standard audiometry (Schaette and McAlpine 2011b). 
Other consequences of hearing loss, namely hyperacusis, 
are not necessarily limited to the hearing loss range and 
thus might stem diﬀerent from mechanisms than tinnitus 
(Sheldrake et al. 2015).
Animal studies associate cochlear damage (induced by 
noise exposure or drug induction) with increases in spon-
taneous activity, driven activity, neural synchrony, and 
excitatory glutamatergic neurotransmission, with cortical 
tonotopic map distortions, and with reductions in inhibi-
tory GABAergcic and glycinergic neurotransmission across 
auditory midbrain (Brozoski et al. 2002; Kaltenbach et al. 
2004), collicular (Ma et  al. 2006), thalamic, and cortical 
sites (Seki and Eggermont 2003; Noreña and Eggermont 
2003, 2005; Engineer et al. 2011; Yang et al. 2011). Over-
all, these physiological eﬀects of cochlear damage gener-
ally implicate the involvement of homeostatic plasticity 
mechanisms (Turrigiano and Nelson 2004) and are in some 
cases correlated with behavioral evidence of tinnitus in the 
hearing loss range (Brozoski et al. 2002; Kaltenbach et al. 
2004; Middleton et  al. 2011). Notably, increased neural 
synchrony appears to localize well with the hearing loss 
and presumed tinnitus range (Noreña and Eggermont 2003; 
Eggermont and Roberts 2012). It has been recently demon-
strated, however, that the gap-detection behavioral test for 
tinnitus commonly used in animal studies can confounded 
by hearing loss and hyperacusis, evoking the diﬃculty in 
disentangling the eﬀects speciﬁcally related to tinnitus 
(Salloum et al. 2016).
Regarding cortical tonotopic maps, some studies 
describe an overrepresentation of sound frequencies within 
or at the edge of the hearing loss range (Eggermont and 
Komiya 2000; Seki and Eggermont 2003; Noreña and Egg-
ermont 2003, 2005), leading to the hypothesis that cortical 
map reorganization is a causal factor of tinnitus (maladap-
tive plasticity hypothesis). That hypothesis predicts that an 
overrepresentation of hearing loss or hearing loss-edge fre-
quencies coupled with spontaneous activity would lead to a 
frequency-speciﬁc tinnitus percept. However, other studies 
describe a broader pattern of neural activity changes, with 
map distortions occurring in relatively low frequency areas 
away from hearing loss and presumed tinnitus range (Engi-
neer et al. 2011; Yang et al. 2011). These latter results do 
not support the idea that map reorganization is the cause of 
tinnitus.
In Yang et  al. hearing-lesioned animals displayed evi-
dence of high-frequency hearing-loss and tinnitus, and 
these were associated with distinct changes in diﬀerent 
zones of the cortical map: (1) decreased inhibitory neuro-
transmission in the hearing-loss zone, and (2) increased 
inhibitory and excitatory neurotransmission in the low fre-
quency normal-hearing zone (Yang et  al. 2011). In these 
animals, there was an enlarged cortical representation of 
low-frequency sound that was, at least partly, a result of 
enhanced cortical responses to low-frequency tones. While, 
the receptive ﬁelds of high-frequency neurons tended to be 
discontinuous, rendering the corresponding cortical area 
less tonotopic. Interestingly, pharmaceutical manipula-
tions that enhanced inhibition, and not those that reduced 
excitation, appeared to alleviate the tinnitus percept, thus 
implicating the neurons in the hearing-loss zone as having 
a causal role in tinnitus. In Engineer et  al. 2011, the data 
also suggested over-representation at lower frequencies, 
with lower neuronal thresholds and higher amplitudes, in 
the noise-exposed animals (Engineer et al. 2011).
We compare these results in animal models to our ﬁnd-
ings in human patients, keeping in mind the important dif-
ferences in species, etiology, and methodology. Of the mul-
tiple cortical pathologies seen in animal models, the low 
frequency hyper-excitability was relatively prominent in 
magnitude and thus perhaps the most likely to be detect-
able by non-invasive BOLD fMRI. We do not provide evi-
dence nor claim that tonotopic map distortions are causal 
of tinnitus perception. Hyper-excitability could be related 
to hyperacusis, which commonly occurs with tinnitus and 
might be due to a generalized increase in auditory gain 
(Sheldrake et al. 2015). Some patients reported subjective 
complaints of hyperacusis which, in our study, did not cor-
relate with response amplitudes. Future studies could uti-
lize quantitative measures of loudness discomfort levels 
to more directly test this possibility (Knudson et al. 2016). 
Tonotopic distortions and tinnitus perception may be par-
allel consequences of a common underlying cause, namely 
neural deaﬀerentation due to hearing loss.
It is important to note the diﬀerence in how tonotopic 
maps are measured in animal compared to human neuroim-
aging studies. In animal research, tonotopic maps are based 
on the spatial mapping of characteristic frequencies (CF), 
which are the best frequency response at threshold sound 
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levels (Rajan et  al. 1993). In human neuroimaging, high 
intensity sounds are required to evoke measurable BOLD 
responses and tuning is thus based on the best frequency 
response at highly suprathreshold sound levels. In the nor-
mal brain, these two maps (threshold and suprathreshold 
tuning) appear to correspond well (Joly et al. 2014). How-
ever, in cases of hearing loss, which are likely associated 
with neural gain changes, diﬀerences could arise, thus 
imposing limitations in the comparison of human and ani-
mal mapping data.
Our ﬁndings contribute to increasing evidence against 
the idea that tinnitus is caused by maladaptive reorganiza-
tion of hearing loss edge frequencies in tonotopic maps. 
Observational studies indicate that tinnitus tends to occur 
at the peak rather than the edge of the hearing loss range 
(Schecklmann et  al. 2012), and studies of map reorgani-
zation have found either a lack of it (Langers and Kleine 
2012, 2014), or that it occurs mostly in non-hearing loss 
regions (Yang et al. 2011; Engineer et al. 2011). Maladap-
tive map plasticity has also been much discussed in the 
context of phantom limb pain, and interestingly, its role 
there is also currently under question (Makin et  al. 2013, 
2015). It is unknown to what extent these two phenomena, 
tinnitus and phantom pain, share common neurophysiologi-
cal origins.
More generally, auditory map plasticity has been studied 
in a broad context of behavioral and environmental manip-
ulations (Schreiner and Polley 2014) and there are diﬀer-
ent mechanisms by which auditory maps could reorganize. 
Changes in neurophysiological properties of auditory neu-
rons that could contribute to map plasticity include changes 
in: spectral tuning, response magnitudes, and dependence 
on sound intensity, tuning to sound location, response tim-
ing and neural synchrony. Inhibitory synapses have been 
indicated as ‘critical gatekeepers’ of plasticity and have 
also been implicated in tinnitus pathology (Middleton et al. 
2011; Yang et al. 2011).
Human Studies
Human neuroimaging ﬁndings emphasize a broad ana-
tomical network of tinnitus related pathology (Elgoyhen 
et al. 2015). Studies have shown altered responses in the 
auditory thalamus and cortex (Gu et  al. 2010; Leaver 
et  al. 2011; Langers and Kleine 2012; Melcher et  al. 
2000), and also implicate limbic and other non-auditory 
brain areas in modulating tinnitus perception and dis-
tress (Leaver et al. 2011; Seydell-Greenwald et al. 2012; 
Emmert et  al. 2014; Lanting et  al. 2014; Boyen et  al. 
2014). Alterations in functional connectivity patterns 
between auditory cortex and other brain regions empha-
size increased interaction with attentional and limbic 
networks and possible impairments in thalamocortical 
gating (Maudoux et al. 2012; Schmidt et al. 2013; Lant-
ing et al. 2014; Boyen et al. 2014). In contrast, a recent 
neuroimaging study of patient with a rare, high-inten-
sity, tonal objective tinnitus (stemming from a physical 
sound generated in the ear) found a lack of changes in 
brain activity, underscoring the diﬀerence from centrally 
generated tinnitus (Guinchard et al. 2016). In Weisz et al. 
2007, tinnitus patients showed a marked increase in audi-
tory cortex gamma-band oscillations, thought to reﬂect 
underlying neural synchrony (Weisz et  al. 2007). This 
evidence is compelling in that the oscillatory activity 
correlated with the laterality of the tinnitus percept and 
may relate to neural synchrony ﬁndings in animals, how-
ever see Sedley et al. 2012 for an alternate interpretation 
(Sedley et al. 2012).
Our results corroborate previous fMRI ﬁndings from a 
cohort of tinnitus patients with normal hearing thresholds 
(Langers and Kleine 2012a). That study used high-resolu-
tion 3 T fMRI to assess the integrity of the primary tono-
topic maps and reported an overall lack of macroscopic 
changes in tinnitus suﬀerers (thus not supporting the mal-
adaptive plasticity hypothesis). Additionally, using a con-
ventional linear regression model, they reported increased 
activation in patients in the region of the low-frequency 
part of the tonotopic map in left lateral Heschl’s gyrus. The 
authors note that this low-frequency response did not agree 
with the typical high-pitched tinnitus of their patients. It is 
encouraging that our studies converge upon coherent ﬁnd-
ings in two, rather diﬀerent, patient groups. The bilateral-
ity of the eﬀect in our study could be related to the more 
extensive hearing loss in our patients, and also potentially 
to methodological diﬀerences.
It should be noted that the boundaries of primary audi-
tory cortex are not fully discernable with human neuro-
imaging. The anterior and posterior borders are revealed 
by frequency reversals, but the lateral and medial borders 
cannot be distinguished by tonotopy alone (Da Costa et al. 
2011). In monkeys, isofrequency bands of the primary 
(core) gradients extend continuously into lateral and medial 
non-primary (belt) auditory ﬁelds (Hackett 2011). As in our 
previous work (Da Costa et  al. 2013), medial and lateral 
borders were manually drawn to include the medial-two-
thirds of Heschl’s gyrus in accordance with expectations 
from human architectonics (Rivier and Clarke 1997; Hack-
ett 2011). We thus cannot rule out the inclusion of voxels 
belonging to non-primary auditory cortex in some subjects, 
particularly on the lateral end of Heschl’s gyrus. The search 
for complementary measures to parcellate human auditory 
cortex such as myelin density (Dick et  al. 2012; Martino 
et  al. 2015) and tuning width or other spectral properties 
(Moerel et al. 2012; Thomas et al. 2015) is an active area of 
research. However, as yet no other solution has emerged as 
a gold standard.
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Tonotopic maps were measured bilaterally based on 
ipsilateral stimulation, in both patients and controls. Uni-
lateral stimulation induces clear bilateral activation of 
BOLD responses in the auditory cortex (van der Zwaag 
et  al. 2011), although more strongly in contralateral cor-
tex (Scheﬄer et  al. 1998). In our study the same pattern 
of response was observed on contralateral and ipsilateral 
sides, and so both sides were combined in the analysis. 
The extent to which map accuracy diﬀers given contralat-
eral vs. ipsilateral stimulation is unknown, and this could 
be assessed by future studies, for example, designed to esti-
mate population receptive ﬁelds (Thomas et al. 2015).
We included patients with unilateral hearing loss so 
that sound stimuli could be presented to unaﬀected ear, 
equivalently to control subjects. However, there remains 
an unequal eﬀect of scanner noise since controls are more 
exposed to it in both ears. The eﬀect of scanner noise 
on the mapping aren’t known, but the most likely conse-
quence would be sound masking which could lower BOLD 
response amplitudes in controls relative to patients. The 
acoustic resonance of the scanning protocol peaks strongly 
at approximately 1700  Hz (corresponding to the pulse 
sequence bandwidth) and does not have substantial energy 
in the 250–500  Hz range. We suspect that this may con-
tribute to the dip in response amplitudes that we see here 
in both groups in the 1000–2000 Hz range, and in our pre-
vious studies with the same 7 T protocol (Da Costa et al. 
2011; Da Costa et al. 2015). However, it is not obvious that 
this could account for the diﬀerence in patients and con-
trols that peaks at 250–354 Hz range. Another approach to 
equating sound stimuli is to study the subgroup of tinnitus 
suﬀerers with normal hearing thresholds; however these 
patients are likely to suﬀer from ‘hidden’, high-intensity 
hearing-loss not assessed by standard audiograms (Schaette 
and McAlpine 2011b). Adequate sound delivery and, 
indeed, the broader problem of dissociating the eﬀects of 
hearing loss and tinnitus are among the main challenges 
of human tinnitus studies. Utilizing sparse fMRI protocols 
and including tinnitus patients without hearing loss are 
among the methods that have been used to address these 
issues (Langers et al. 2012a).
Previous anatomical MRI studies have associated tin-
nitus with structural brain changes in the auditory cortex 
(Schneider et  al. 2009; Boyen et  al. 2013) and non-audi-
tory areas (Mühlau et  al. 2006). Heschl’s gyrus is known 
for high anatomical variability in the normal population 
(Da Costa et  al. 2011; Marie et  al. 2013). The variability 
in the presence of an intermediate sulcus along its length 
that can divide the gyrus and make partially or complete 
duplications. Here, the rate of Heschl’s gyrus divisons was 
similar in patients and controls, and within the previously 
reported range (Leonard et al. 1998; Da Costa et al. 2011; 
Marie et  al. 2013). Thus, gross anatomical changes are 
not an obvious explanation for the functional changes we 
observed.
Comparing Findings from Humans and Animal Models
Tinnitus is an inherently subjective phenomenon and it is 
diﬃcult to assess whether animal models (primarily rodent) 
have the same perceptual experience as human tinnitus suf-
ferers. Hence there is a clear need to assess tinnitus-related 
pathology in humans. Our ﬁndings indicate a potential 
parallel in neurophysiological changes across human and 
animal models of tinnitus. In light of the observed hyper-
excitability, treatments which aim to reinstate the balance 
between neuronal excitation and inhibition in auditory 
brain centers may help to alleviate tinnitus (Richardson 
et  al. 2012). Experimental sound exposure therapies, and 
also neurofeedback, based on restoring normal activity 
levels in auditory cortex have shown potential in human 
patients (Haller et al. 2009; Okamoto et al. 2010; Tass et al. 
2012) and may also induce changes in large-scale networks 
(Van De Ville et al. 2012; Haller et al. 2013).
Caution needs to be taken however in comparing ﬁnd-
ings from animal models and humans as there are many 
diﬀerences. Our patients had diﬀerent etiologies and none 
of the patients presented hearing loss due to acoustic 
trauma or to sound exposure as in the majority of animal 
models. Indeed, investigations of tinnitus many challenges 
because the disorder is heterogeneous in terms of multi-
ple factors including: etiology, loudness and quality of the 
percept, degree of hearing loss, level of associated distress, 
co-occurrence of hyperacusis, and potential interaction 
with age-related brain changes. Hearing loss is not always 
accompanied by tinnitus and the discriminating factors 
are not known (Schecklmann et  al. 2012). Approximately 
15% of tinnitus cases present without detectable changes 
in hearing thresholds but these cases may present hearing 
loss which is not detected by standard audiometry (Weisz 
et  al. 2007; Schaette and McAlpine 2011a). Tinnitus risk 
factors may interact with age-related factors such as down-
regulation of neural inhibition in the cortex (Caspary et al. 
2008; Llano et al. 2012). Additionally human studies must 
consider diﬀerences in neuroimaging and data analysis 
methods.
Clinical Applications at 7T
Ultra-high ﬁeld fMRI imaging oﬀers a bridge between 
clinical and basic neuroscience research. Mapping of small 
functional subunits such as ocular dominance columns in 
the human visual cortex (Yacoub et  al. 2007), tonotopic 
organization in human auditory cortex (Da Costa et  al. 
2011; Da Costa et al. 2013) and inferior colliculus (De Mar-
tino et  al. 2013), or ﬁnger somatotopy in somatosensory 
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cortex (Martuzzi et  al. 2012) and cerebellum (van der 
Zwaag et  al. 2013) requires high-spatial resolution which 
is more easily achieved with ultra high ﬁeld fMRI (van der 
Zwaag et al. 2009, 2015; Da Costa et al. 2015). Our study 
demonstrates the applicability of high-resolution mapping 
methods to clinical groups with auditory neurological dis-
orders. We further illustrate the applicability of individual 
subject assessments, as opposed to group brain-averaged 
based analysis, in order to take full advantage of the spatial 
resolution achievable at ultra high ﬁeld and to facilitate the 
relation of results to neurophysiological studies in animal 
models.
Conclusions
Here, we successfully employed high spatial resolution 
ultra-high ﬁeld fMRI to demonstrate functional changes in 
primary auditory cortex related to hearing loss and tinnitus. 
In future studies, high-resolution imaging could be applied 
to track potential renormalization of auditory cortex during 
the testing of tinnitus treatments.
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ABSTRACT
Our goal in this study is detection of hyperacusis condition in tinnitus patients. To
this purpose, we acquire audiogram measurements of tinnitus patients that has
information from peripheral auditory systems and also apply high-resolution fMRI
at 7T to picture the tonotopic maps of primary auditory cortex as a meaningful
measure of brain activity in the central auditory system. These measures do
not provide sufficient information for spotting the hyperacusis condition when
considered separately. To get meaningful biomarkers for classifying tinnitus
patients with and without hyperacusis, we implemented for the first time partial
least square correlation analysis (PLSC) that builds upon the cross-covariance
information between audiogram and fMRI data. The cross-covariance of these
two sets of data proved to provide us with metrics for successfully detecting this
condition in tinnitus patients with 80% of accuracy and it is the first classifier
that can detect hyperacusis condition in tinnitus patients.The PLSC obtained
biomarkers, also yield the brain area playing a major role in the condition.42
These findings provide precious insight for clinical study of hyperacusis and
its treatment.
Keywords: Hyperacusis, Tinnitus, fMRI, Audiogram, PLSC, tonotopy, classification
1 INTRODUCTION
Hyperacusis is a condition of having difficulty in tolerating environmental sounds
(Baguley (2003)).This term has been used in 1938 for the first time inmedical literature
(Baguley andMcFerran (2011)). In some studies it is one type of a of the more general
condition of decreased sound tolerance (Jastreboff and Jastreboff (2004)). Potential
sources have been referred to the problem in peripheral auditory system, diseases
in the central nervous system, infectious disease or hormonal imbalance (Katzenell
and Segal (2001)). Hyperacusis patients show exaggerated reaction to the ordinary
sounds that are neither threatening nor uncomfortably loud to a typical person. As
a consequence, this condition can have a severe negative impact on the quality of
life, like avoiding social gathering, crowded places, public transports and unveiling
psychiatric disorders related to anxiety (Jüris et al. (2013)).
Hyperacusis emerges from the way that the central brain auditory system processes
sounds, and its symptoms often overlap with tinnitus, which is instead the perception
of a phantom sound in the absence of an external sound source. In fact, a great
percentage of tinnitus patients report hyperacusis, according to the literature: 79.1%
(Dauman and Bouscau-Faure (2005)), 40% (Baguley (2003); Levine (2013)), and, vice
versa, tinnitus is very common in hyperacusis patients: reported as 86% (Baguley
(2003)), 79% (Jüris et al. (2013))and 40% (Jastreboff et al. (1998); Jastreboff (1999)). For
some of patients reporting both conditions are more bothered by hyperacousis than
tinnitus (Chen et al. (2015); Levine (2013)).
The cause of hyperacusis is still not clear and to date there is no method that can
examine objectively neither the existence nor the level of the disease. The current
examination protocols are based on the response of the subject to questionnaires that
are based on the subject perception of the sound, such as the uncomfortable loudness
level (ULL) (Fackrell et al. (2015)) and the German questionnaire on hypersensivity to
sound (G U F) (Nelting and Finlayson (2004)). Multiple-activity scale for hyperacusis
(MASH) is also another subjective questionnaire introduced by (Dauman andBouscau-
Faure (2005)) to provide a scale for assessment of hyperacusis and determining the
severity and prevalence of this condition in tinnitus patient based on the level of
annoyance that the subjects feel during different activities; e.g., attending a concert.
The evaluation of hyperacusis based on these questionnaires does not take into
account the neurological changes in the brain and is just based on the subjective
perception of the examined patients.
Few studies attempted to relate the loudness of the perceived sound stimuli with
brain signal recordings (Gu et al. (2010); Langers et al. (2007)) but grouping tinnitus
and hyperacusis patients in the same study population. One of the rare studies that 43
has considered hyperacusis and tinnitus as separate groups, investigates the effect of
sodium salicylate on the functional connectivity of the tinnitus-hyperacusis network
in rats, including behavioral, electrophysiological and functional magnetic resonance
imaging (fMRI) measurements. However, their findings do not show any difference in
functional connectivity between the two groups. Zeng (2013) adopted a systematic
engineering approach to compare the quantified measures for input output ratio
in tinnitus, hyperacusis and hearing loss, and to model the central and peripheral
changes on the auditory system, as a result of these disorders. Their model predicts
two different origins for hyperacusis and tinnitus, respectively, claiming that tinnitus is
the result of increased central noise, whereas hyperacusis is due to increased nonlinear
gain. This model offers precious insights to explain the origin of these disorders, but
still it does not allow to discriminate the two conditions based on the clinical data
acquired from patients. In many literature it has been concluded that hyperacusis
problem is more complex to be solved just considering central or peripheral auditory
nerves system separately. Therefore a method that is derived based on the data of
both part of auditory nervous system could be stronger in diagnosing hyperacusis
(Jastreboff and Jastreboff (2004); Jastreboff (1999)).
With the goal of objectively detecting the hyperacusis condition in tinnitus patients,
we implemented for the first time partial least square correlation analysis (PLSC)
(Krishnan et al. (2011)) that builds upon the cross-covariance information between
audiogram and fMRI data, to get meaningful features for classifying tinnitus patients
with and without hyperacusis. This approach is also useful for identifying hyperacusis
symptoms in the auditory cortex where there is no access to the fMRI data of patients.
2 MATERIAL & METHODS
2.1 Subjects
All the patients gave written, informed consent. The ethics committee of the Faculty
of Biology and Medicine of the University of Lausanne approved the experimental
procedures. Patients (n=10, age 37.5 +/- 12 yrs, 6 male, 4 female) were recruited
from the Otolaryngology Clinic of the Lausanne University Hospital and underwent
a complete ear, nose, and throat (ENT) assessment including standard pure tone
audiometry (PTA) and evaluation of tinnitus characteristics including the question
about whether they have hyperacusis or not. Included patients had chronic subjective
non-pulsatile tinnitus andmoderate to severe unilateral sensorineural hearing loss
(SHL) only in one ear with a decrease in hearing thresholds of minimum 40dB
on three successive frequencies between 1 and 4 kHz, for a duration of at least 6
months; and normal age-adjusted hearing thresholds in the unaffected ear. None
of the patients had history of neurological or psychiatric illness or standard MRI
contraindications. Hearing loss caused from acoustic neuroma (noncancerous tumor
of the auditory nerve), Merniere’s disease (disorder of the inner ear typically affecting
one side only), or unilateral cochlear damage caused by head trauma, infection, or44

oblique slices covering the superior temporal plane). A T1-weighted high-resolution
3D anatomical image (resolution = 1×1×1 mm, TR = 5500ms, TE = 2.84 ms, slice gap
= 1mm, matrix size = 256×240, field of view = 256×240) was acquired for each subject
using the MP2RAGE pulse sequence optimized for 7T MRI (Marques et al. (2010)).
The area of the brain covered by our imaging slab (van der Zwaag et al. (2009)) has a
very small susceptibility induced distortions therefore co-registration between the
functional images and the MP2RAGE was successful for all subjects, as aproved by
visual inspection.
2.4 Sound stimuli
Sound stimuli were generated with Matlab and The Psychophysics Toolbox
(www.Psychtoolbox.org) on a laptop computer with a sampling rate of 44.1 kHz,
and were delivered via MR-compatible optical headphones (AudioSystem, Nordic
NeuroLab). Sound intensities per frequency were between 82-97 dB SPL to get
perceived equaly loud based on the standard equal-loudness curves (ISO 226, Phon 85
dB). Stimulus intensities were further reduced approximately 24 dB by the protective
earplugs. Earplugs inevitably reduced sound spectrum unevenly, with more effect on
high frequencies than low. All subjects reported hearing all tone frequencies at a clear
and comfortable level and were stimulated in the unaffected ear only Table.1. Overall
time in the scanner including set-up, two fMRI tonotopy runs, and an anatomical
scan was approximately 45 minutes, sufficiently brief for patient comfort.
2.5 fMRI data preprocessing
fMRI data preprocessing steps, including linear trend removal, temporal high-
pass filtering (2 cycles), and motion correction were done with BrainVoyager QX
software. We didn’t apply any Spatial smoothing to preserve the advantages of high-
resolution acquisition. Slice-timing correctionwas not applied. Data of fMRI runswere
interpolated into a 1×1×1 mm volumetric space and registered to each subject’s own
3D Talairach normalized anatomical data. Foreach subject, cortical surface meshe
was generated from its anatomical dataset using automated segmentation tools in
BrainVoyager QX.
2.6 Tonotopic mapping task
Initiated in the basilar membrane of the cochlea, tonotopy is the spatial positioning
of auditory neurons in gradients of sound frequency preference. These arrangement
is maintained in the auditory nerve, mid-brain, thalamus, and cortex. In human
primary auditory cortex, two tonotopic gradients with mirror-symmetry (’high-to-
low’ followed by ’low-to-high’ preferences) are detected across Heschl’s gyrus, along
an overall posterior-to-anterior axis. These twomirror-symmetric gradients appear
to correspond to primary auditory cortex fields A1 and R,(Da Costa et al. (2011);
Langers and van Dijk (2011); Ghazaleh et al. (2017); Guinchard et al. (2016)). Following
the method of Da Costa et al. (2011), we use tonotopic gradients for localization of46
primary auditory cortex (PAC). We employed a phase-encodedmapping paradigm to
define tonotopic maps in the cortex, this technique is commonly used for retinotopic
mapping (Engel (2012)), and also for somatotopic mapping (Sanchez-Panchuelo et al.
(2010)). Tonotopic mapping stimulus is designed to sweep the parameter space of the
map (in this case, low to high), and generates a wave of best responses to different
sound frequencies across the cortical surface. The initial peaks of the recorded activity
placed in the low frequency map endpoint and progressively later in parts of the
map preferring higher frequencies. The phase of the response defines the preferred
frequency of each responsive voxel. The mapping stimulus is periodic presentation
of 15 different sound frequencies (88, 125, 177, 250, 354, 500, 707, 1000, 1414, 2000,
2828, 4000, 5657, 8000, and 11312 Hz, half-octave spacing). For each period, pure tone
bursts of each frequency were presented for 2 sec and stepping to the next frequency
until all 15 frequencies were presented followed by a 4 sec silent pause. During each
2 sec block, pure tone bursts of the given frequency had different onset times (50
ms and 250 ms duration randomly interspersed with 50 ms inter-stimulus intervals)
to avoid a fixed periodicity. Each period of 34 sec (14 times 2 seconds sec plus 4 sec
silent pause) was repeated 14 times for a scan run duration of 7 min and 56 sec. Each
subject participated in two scan runs (one with stimulus sweeps from low-to-high,
and one in reverse order). The resulting maps of the two runs were averaged to keep
the tonotopic preferences independent of stimulus order. Linear correlation analysis
was used to discern the response phase that best fitted themeasured fMRI time course
of each responsive voxel. Response amplitudes were measured as the maximal signal
change of voxels in the volumetric ROI assigned to each sound frequency. So for each
frequency tones per subject we get the measure of activity for that frequency that
makes the 15 in 10 matrix B for the brain activity data.
2.7 Partial least square correlation analysis
Partial least square correlation analysis is a multivariate method applied to
neuroimaging data for the first time by McIntosh (McIntosh and Lobaugh (2004)).
PLSC analyzes associations between two sets of data, and is often used in the field
to explore the correlation between brain activity and behavioral data in one or more
groups of subjects. Here, we adopted this method to analyze the correlation between
the tonotopic mapping (our brain data matrix A) and the audiograms measurements
(our behavioral datamatrix B). Bothmatrices are Z-score normalized for each variable,
and then the cross-covariance of all the brain and behavioral activities is calculated
as R = BT A. The singular value decomposition (SV D) of R is then performed as
R =U∇V , to yield the behavioral salience matrixU , including the behavioral profiles
that best characterize the correlation R, and the brain salience matrix V , highlighting
instead the brain activity patterns that best characterize R. By projecting the original
matrices A and B on their saliences, we obtain the PLS components or latent variables
LA = AV and LB = BU , representing a new set of dimensions, along which the data
correlation is maximized. The significance of the latent variables is assessed by 47
permutation testing (Higgins (2003)), where we randomly permute the order of the
fMRI and behavioral data 1’000 times, and extract singular values from the permuted
data. Only one LV was found to be significant (p < 0.05). The stability of the calculated
saliences is then tested by bootstrapping, that is sampling with replacement of the
measurements (Kohavi et al. (1995)) in matrix A and B . The standard error of salience
values is calculated from the bootstrapping distribution and used to normalize them
for their stability. Fig.1 shows the pipeline for extracting PLSC features.
2.8 Classifier design
Wedesign a support vectormachine (SVM) based classifier Vapnik and Vapnik (1998)
to detect hyperacusis condition in tinnitus patients. SVM is a supervised classifier that
gets trained on labeled data to find a hyperplane for categorizing a new data. Here,
the SVM classifier is trained on the brain and behavioral scores. As it is shown in Fig.1,
PLSCmakes one set of brain LV and two sets of audiogram LV s, for the two groups of
hyperacusis and non hyperacusis patients, respectively. These two set of features are
used for training SVM.
2.9 Validation
Using leave-one-out cross-validation (Kohavi et al. (1995)), the audiogram and fMRI
measurements of a test subject not included in the training set serve as the input for
the classifier to evaluate detection of the hyperacusis condition. Leave one out cross
validation is applied on the set of 10 patients. For each subject, the SVM is trained on
the PLS scores of the other 9 subjects and tested on the selected subject. To assess the
advantages of using PLSC-derived features as inputs to the classifier, we compare the
performance of our designed classifier with a SVM classifier that is trained on brain
and behavioral data (A and B) directly and perform leave-one-out cross validation
accordingly.
3 RESULTS
We applied PLSCmethod on the two sets of audiogrammeasures and fMRI measures
for two applications: first to use audiogram data to infer the differences in fMRI
measurement and second to extract biomarkers from combining the two datasets to
make a classifier for detecting hyperacusis condition.
Fig.2.a illustrates the behavioral saliencies of the hyperacusis and non-hyperacusis
conditions. Those saliencies of the audiogram measures that have different signs
(positive and negative values) per each group (the last four saliences) can be used to
discriminate fMRI data saliencies of the two group of study. These results imply that
audiogrammeasures in high frequency band can be used to predict the difference in
fMRI measurement and therefore plays more important role in detecting hyperacusis
condition. The brain saliencies related to the fMRI data of the both groups are shown
in Fig.2.b these measures explain how much is the contribution of fMRI measure48
Table 2.Performance of the classifier, trained with different data types
Training data PLSC saliences fMRI and audiogram data fMRI data Audiogram data
Accuracy (%) 80 60 50 40
related to each frequency tone, in explaining the relation between brain (fMRI) and
behavioral (audiogram) data. Where the saliencies related to middle high frequency
(2800Hz) have themost contribution in explaining the information derived from cross-
covariance between the two sets of data. Fig.3 displays the projection of the brain
saliences of Fig.2.b on the auditory cortex of all the subjects, using their tonotopymap
as the reference of the voxels label. In the classification task, we compare the accuracy
of the PLS made classifier, trained with brain scores LA and behavioral scores LB with
the classifier that is trained with brain and behavioral data, A and B matrix, together
and also each of them alone. The accuracy is calculated as(Powers (2011)):
Accuracy =
TruePosi t i ve+TrueNegati ve
TotalPopulation
(1)
The classification accuracy, built based on different data types is shown in Table.2.
4 DISCUSSION
Hyperacusis is a very common condition among tinnitus patients, which has been
rarely studied independently from tinnitus (Nelson and Chen (2004)). Both conditions
are subjective phenomenon and usually it is not possible to be assessed objectively. As
it is discussed in Eggermont (2013), the similarity in behavioral response of animals to
hyperacusis and tinnitus declines the specificity of the result for diagnosing one of
this condition alone.
In human hyperacusis, the only existing method for the evaluation is based on the
scores obtained from the answer of patients to different questionnaires (Fackrell
et al. (2015); Nelting and Finlayson (2004)) and because of their subjective nature,
can not provide a reliable measure for this disorder (Wallén et al. (2012)). Here, we
introduce audiogram and imaging data, with the aim of finding an objective way to
detect hyperacusis. To this purpose, we acquire audiogrammeasurements of tinnitus
patients that involve peripheral and central auditory systems and also apply high-
resolution fMRI at 7T to picture the tonotopic maps of primary auditory cortex as
a meaningful measure of brain activity. These measures do not provide sufficient
information for spotting the hyperacusis condition when considered separately, but
the cross-covariance of these two sets of data proved to provide us with metrics for
successfully detecting this condition in tinnitus patients. 49
We extract these metrics by applying PLSC on the sets of data to get brain
and behavioral saliences. Firstly, the two sets of behavioral saliences reveal that
the audiogram measurements related to the high frequency tones have different
contributions to the fMRI activity profiles of the tinnitus patients with and without
hyperacusis (Fig.2.a). This can facilitate the prediction of information about the fMRI
data of auditory cortex for a new subject just with audiogrammeasurements.
The brain saliences projected on the auditory cortex (Fig.2.b) show that the
information obtained from the responses of the voxels with best responses in the
higher frequency range can describe most of the relationship between the brain
activity in the auditory cortex and the audiogram, which is closer to the subjective
report of the patients about their hyperacusis condition. These findings can stimulate
the research towards investigating the underlying neurological disorder of hyperacusis
and providing useful information about the areas of the brain that are affected.
We provided therefore a more powerful method for objectively detecting the
hyperacusis condition in a fully data driven approach, by using a classifier that we
designed based on the information extracted from PLSC. The classifier can detect the
existence of the hyperacusis condition in an unknown subject with 80% of accuracy.
This outcome cannot be achieved using the audiogrammeasures or fMRI measures
alone, and neither using both of them directly, rather than based on their joint
information in the saliences extracted from PLSC. Among the very limited number
of studies distinguishing hyperacusis from tinnitus condition, one of them (Zeng
(2013)) has differentiated the origin of hyperacusis and tinnitus, by making different
models for predicting the source and effect of the two conditions and the hearing
loss on the nervous system from peripheral to central level. This model gives a good
understanding about the possible reason of these disorders, but does not resolve the
need for having an objectivemethod to diagnose the hyperacusis condition in tinnitus
patients, that has resolved with our suggested method.
Even though our proposed clustering technique is able to detect hyperacusis condition
for a new subject, in an unsupervised way, the training phase of the classifier has
been made with supervised and subjective assessment of sustaining hyperacusis
disorder. As the training is done on a limited number of sample patients it is possible
to use different methods of assessment to obtain a reliable data for making a precise
classifier. Therefore the focus of this study is not on the initial subjective way of
detecting hyperacusis condition for training data, rather we are proposing an efficient
method for feature extraction frommulti modal data and training a classifier that is
built based on this features. This classifier can therefore detect hyperacusis condition
in a new subject without any subjective evaluation as the first study that targets this
goal and successfully achieved it. This result can get improved by increasing the
number of subject and having more heterogeneous type of hyperacusis and tinnitus
patients.
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5 CONCLUSION
Loudness hyperacusis is a very common hearing disorder among tinnitus patients, but
has been rarely studied independently from tinnitus. The reason could be that none
of the existing clinical measurements have been sufficient for detecting this condition
in tinnitus patients and so just relies on the patients’ subjective perceptions. Here, we
made the objective detection of hyperacusis possible, by introducing a PLSC-based
feature extraction for classification that uses the combination of audiogram and fMRI
measures. By applying PLSC on these data, we find a biomarker that can differentiate
hyperacusis condition among tinnitus patients and also yields the brain area playing
a major role in the condition. This approach shows therefore to be worth exploring for
further clinical study of hyperacusis and its treatment.
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Abstract
The segmentation of auditory cortex based on anatomical atlases is usually inac-
curate because of the large differences in the topography of auditory cortex across
individuals. In this paper, we investigate the use of the pattern of extrinsic con-
nectivity of auditory cortex as the segmentation feature. As measures of brain
connectivity, we use two popular methods in literature namely: effective connec-
tivity and functional connectivity. We will use dynamic causal modeling (DCM)
for measuring effective connectivity. In this work, we aim to develop an accurate
parcellation of auditory cortex into its two main parts of primary and the sec-
ondary auditory cortex. We will first divide auditory cortex into smaller auditory
patches (or subregions). For each auditory patch ,we create a network comprising
of three regions of interest (ROIs): an auditory patch in the auditory cortex and
the two source regions outside the auditory cortex namely baso-lateral amygdala
and hippocampus. Baso- lateral amygdala and hippocampus have been shown to
have discriminative connections with both primary and secondary auditory cortex.
We will use spectral clustering for classification of auditory cortexs two subregions
of primary and secondary auditory cortex. We show that we can achieve 74%
accuracy using DCM connectivity features and 71% for functional connectivity
features for segmentation of auditory cortex - on average for both hemispheres.
This new segmentation method built upon (effective) connectivity takes advan-
tage of the information about directed causal interaction in our network model
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in comparison to the functional (symmetric) connectivity which is a measure of
statistical dependencies and leads to the lower clustering accuracy. This new data
driven segmentation method is not only efficient in defining the subregions of the
auditory cortex for studying healthy brain but is also a potentially powerful tool
for characterizing the changes in functional anatomy of auditory cortex as a result
of hearing disorders like tinnitus.
Keywords: DCM, Auditory cortex, Effective connectivity, Segmentation,
Spectral clustering, Resting state fMRI
1. Introduction
Cortical parcellation, i.e. the subdivision of the brain cortex into mean-
ingful sub-regions, is an important step needed in many neuroimaging analy-
sis methods, and is therefore an active area of research in neuroscience[1, 2, 3,
4, 5]. In particular, auditory cortex parcellation represents a demanding ap-
plication due to the diversity in this region topography among individuals[6,
7, 8]. For this reason, the definition of auditory cortex sub-regions based
on a brain atlas, usually created from one individual brain or an average
of different brains, does not represent a reliable reference. Most auditory
studies require a precise subdivision of the auditory cortex into its two main
segments; i.e. the primary auditory cortex located on the superior tempo-
ral gyrus in the temporal lobe - and secondary auditory cortex - the rostral
part of the temporal lobe. In [9, 10], a tonotopic map captured using func-
tional magnetic resonance imaging (fMRI) was used for better identifying
the boundaries of the primary auditory cortex (PAC), however a limitation
of this map is the capability of defining the boundaries of the auditory cortex
only in one axis in the direction of frequency change. Other studies [11, 6]
also used, in addition to a tonotopic map, the data of myelination of the
auditory cortex to define the borders of PAC. The high dependency of these
parcellations on the experimental design parameters encourage us to find a
more reproducible and data-driven method for the parcellation of the audi-
tory cortex. Brain connectivity features have been extensively used to guide
the whole brain parcellation [12, 13, 14, 15]. For this purpose, two types of
connectivity models are usually deployed: structural connectivity, based on
the anatomical data of the brain as measured using diffusion MRI [15, 16]
and functional connectivity (FC), which is broadly defined as the statistical
dependencies between the brain regions time series obtained from resting-
state functional MRI (rsfMRI)[17, 18, 19, 20, 21, 22, 23, 24, 16]. In rsfMRI,
the subject is not doing an explicit task, and thus the blood oxygenation level
dependent (BOLD) signal is reflective of the spontaneous fluctuations in the
absence of an exogenous (experimental) input. FC-driven parcellations are
based on the notion that the patterns of brain connectivity are consistent in
the same cortical area. However, no study so far has attempted to specifically
2
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parcellate the auditory cortex based on resting-state (functional) connectiv-
ity. The reason might be that resting-state FC does not have sufficiently
discriminative features for neighboring small regions therefore a more precise
model is required for segmentation on smaller scale. Compared to functional
connectivity that shows the statistical dependencies of neurophysiological re-
sponses among different regions of the brain, effective connectivity provides
us with a more informative way of characterizing connectivity of brain net-
works by estimating the causal (directed) influence of different brain regions
on each other. The framework of dynamic causal modeling (DCM) is used for
measuring effective connectivity (Friston et al. 2003). Primary auditory cor-
tex is composed of neuronal populations that decode the sound frequencies
and represent the tonotopic structure of sound stimuli whereas the secondary
auditory cortex has less tonotopic structure and is responsible for more com-
plex sound processing such as language processing, localization and auditory
memory. Because of their different functional roles, primary and secondary
auditory cortices have discriminative directed connections with other regions
of the brain. Latero-basal amygdala and hippocampus are among the regions
that have functional specificity in terms of their interaction with primary and
secondary auditory cortices. There are several studies in both animals and
humans that show the strong connection of secondary auditory cortex with
amygdala in emotional sound memory and fear conditioning [25], the role of
hippocampus in long-term memory formation for sounds [26, 27, 25] and the
impact of primary auditory cortex in settling long-term illustration of spe-
cific auditory experiences. Previous work in [28, 29, 30] therefore constructed
a network composed of the aforementioned regions of interests (ROIs) (i.e.
latero-basal amygdala, hippocampus and auditory cortex), producing valu-
able features for the segmentation of auditory cortex. With the aim of pro-
viding a new and objective way to parcellate the auditory cortex, we explored
the utility of using functional connectivity and effective connectivity using
rsfMRI data. We used the pattern of connectivity as the features for distin-
guishing between different regions of the auditory cortex and used spectral
clustering for the division of primary and secondary cortex.
2. Material and methods
2.1. fMRI data
Resting-state fMRI data of 25 healthy control subjects from the Human
Connectome Project (HCP) database[31] have been used with the specifica-
tion of gradient echo EPI as TR7¯20 ms, TE=33.1 ms, flip angle = 52, FOV =
[208× 180], voxel size= 2 mm isotropic and structural data as3D MPRAGE
T1-weighted, TR=2400 ms, TE=2.14 ms, TI=1000 ms, flip angle = 8, FOV
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= [224×224], voxel size= 0.7 mm isotropic. The provided images already un-
derwent standard preprocessing[32] and registration to MNI coordinates[33].
In addition to that, the first 10 volumes of the original acquisition were dis-
carded, resulting in T = 1190 time points. The functional (EPI) volumes
were smoothed (using Gaussian kernel of 5mm FWHM). The T1 image was
linearly registered to the mean functional images and segmented into white
matter, gray matter and Cerebrospinal fluid. The functional images were
then detrended and nuisance variables were regressed out ( that include 6
head motion parameters, cerebrospinal fluid (CSF) and white matter signal
computed in standard masks mapped to the subjects space and masked with
individual segmentation maps).
2.2. Dynamic causal modeling of effective connectivity
Dynamic casual modeling is a method for modeling fMRI data that de-
scribes how activity in one area of the brain affects the activity in another
part of the brain, based on biophysical model of neuronal dynamics. The
state space model is built using (ordinary) differential equations that de-
scribe the changes in neural activity [34, 35, 36]. With the recent extension
of DCM [37, 38], it is possible to model spontaneous fluctuations of the brain
in the resting state condition (using stochastic differential equations) as
xˆ = (Ax+ Eu+ v) (1)
where A is the effective connectivity matrix in the absence of the fluctu-
ations v and u serves as exogenous input, that will be zero for resting-state
fMRI. This method is called stochastic DCM. However, stochastic DCM is
computationally expensive method because we not only have to estimate the
effective connectivity (A) but also the time varying states as well. Recently,
a new method was introduced which models the spontaneous fluctuations
(v) in spectral domain. This new method is called spectral DCM [37, 39]. It
was shown that spectral DCM is computationally faster, accurate and more
sensitive to group differences than stochastic DCMs,
2.3. ROI selection
As mentioned in the previous section, primary and secondary auditory
cortices have distinctive interactions with basolateral amygdala [40] and hip-
pocampus (extracted using Neuromorphometrics Inc. toolbox). We divide
the auditory cortex (consisting of both primary and secondary auditory co-
tices) into 90 small (and similar sized) sub-regions of neighboring voxels,
using k −means clustering of the voxels coordinates. We will refer to these
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feature matrix. The time course of each ROI is defined as the average time
course of all the voxels inside it.
2.5. Spectral clustering
We modeled the auditory cortex as a weighted graph, G = (V,E), with
V nodes - that is 90 auditory patches - and E edges. The weight of the edges
between two connected nodes i and j is defined as wij. The procedure of cal-
culating the weighted adjacency matrix of W is shown in Figure 1(c) using
DCM connectivity matrix of the size 90 x 9. Pearson correlation between all
rows of the matrix D is calculated, yielding a connectivity similarity matrix
C of the size 90 x 90. For both DCM and FC, affinity in neuronal activity
and also the spatial proximity in the brain were considered important in the
construction of the graph adjacency matrix. We therefore took into account
two measures: similarity of node connectivity feature vectors and spatial
closeness between nodes. To model the spatial closeness, we used k-means
clustering on the centre of the coordinate of each of the 90 auditory patches
and divided them into 30 clusters. Using clustering we created a neighbor-
hood binary matrix N that has non-zero values only in correspondence of
neighboring patches. The final weighed adjacency matrix is calculated as
W = C. × N where .x represents element by element multiplication. We fi-
nally computed graph Laplacian L = D−W , where D is the weight matrix.
We then used eigenvalue decomposition on the matrix L and the eigenvec-
tor corresponding to the largest non-negative eigenvalue is chosen. Binary
clustering of the corresponding eigenvector defines the label of each auditory
patch by separating negative values and positive or zero values.
3. Results
The algorithm for DCM and FC based segmentation of auditory cortex
was successfully applied on all the subjects as has been discussed in the pre-
vious sections. The validation of clustering was obtained by comparing the
defined ROI to primary AC in [41] and secondary AC as is defined in Neu-
romorphometrics, Inc. The accuracy of clustering, corrected for the sample
size of each cluster, is 74% and 75%for the left and right hemisphere when
done separately for DCM based features and 73.1% and 70% for the left and
right hemisphere separately using FC based features. Our results show that
clustering based on asymmetric connectivity features calculated using DCM
has higher accuracy when compared to symmetric connectivity features us-
ing FC. This accuracy comes from using more features nine compared to
three FC features from DCM because of the causal nature of this modeling
method which provides better characterization of the network connectivity.
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. Figure 2 shows the averaged result of clustering . The left top panel shows
the results for DCM based segmentation of auditory cortex using axial view
and bottom left panels using saggital and coronal views. The right panel
shows the segmentation of auditory cortex using functional connectivity (top
left axial and bottom left saggital and coronal views). The reference atlas is
shown in the middle panel in the same format as the DCM and FC as we
can see the detected primary auditory cortex has been placed on Heschl’s
gyrus and secondary auditory cortex on planum temporale as expected. For
validation purpose, for each method, two separate models consisting of one of
obtained ROIs and Basolateral amygdala and Hippocampus are made. The
difference between the two models is calculated as the Euclidian distance
between the vectorised connectivity matrix of the networks for each ROI.
The difference between the connectivity matrix of the network containing
PAC and the network containing secondary AC in both method of effective
and functional connectivity and for left and right hemisphere is significant
(p < 0.002).
4. Discussion
In this paper, we presented for the first time a data-driven method for
parcellation of auditory cortex based on rsfMRI data of the human connec-
tome project. The pattern of connectivity of sub regions of auditory cortex
has been investigated in previous studies. As in [42] where diffusion spec-
trum imaging (DSI) is used for comparing the structural connectivity of the
sub regions of auditory cortex locally and also with other ROIs outside au-
ditory cortex and this features has been used for modularity clustering of
auditory cortex. In [43] employing a task based fMRI experiment, it has
been shown that there is a significantly different pattern of intrinsic func-
tional connectivity among the voxels inside the auditory cortex. Here we
have used the pattern of extrinsic functional connectivity of the voxels of
the auditory cortex for parcellation. As in Previous works has shown that
functional connectivity based connectivity features can be useful in guiding
cortical parcellation, for example the parcellation of medial frontal cortex into
its subregions [24] using k-means clustering and the whole brain parcellation
based on rsfMRI data using graph-theory [18] have been shown to be useful
for segmentation. The parcellation of primary cerebral cortices [16] is an-
other example of employing the pattern of local FC for cortical parcellation.
However, it remained unclear if functional connectivity can also be useful in
terms of delineating subregions of the auditory cortex . The auditory cortex
is a relatively small area in the brain which is also functionally diverse and
its parcellation into smaller subregions will require more informative features
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extrinsic connectivity of primary auditory cortex.
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6 Conclusion
Studying the function and plasticity of the human auditory cortex have been the
subject of this dissertation. In this frame, three studies have been conducted. In the
first study, we successfully employed high spatial resolution fMRI data to study the
functional changes in primary auditory cortex related to hearing loss and tinnitus. A
very common condition in tinnitus patients is hyperacusis that has overlapping symp-
toms with tinnitus, therefore detecting this condition in tinnitus patient can increase
the accuracy and specificity of the result that is obtained for this condition. Following
this goal, the second study focuses on detecting the hyperacusis condition in tinnitus
patients based on their primary cortical maps responses. In these two described
studies, parcellation of PAC is done by using tonotopicmapping as the reference of the
border in one axis and manual parcelation on the other axis on the surface. The result
In both described studies could get improved with parcellation of auditory cortex in a
data driven approach. The third chapter introduces a segmentation method to define
the area of primary and secondary auditory cortex in a data-driven way, to address
the challenge of automatic parcellation of the auditory cortex.
6.1 Summary
High-Resolution fMRIofAuditoryCorticalMapChanges inUnilateralHearingLoss
and Tinnitus. We used ultra-high field MRI scanner and acquired high-resolution
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fMRI data to perform tonotopic mapping in primary auditory cortex on patients with
unilateral hearing loss and tinnitus, compared to normal-hearing controls. Based
on animal studies, it appears likely that tinnitus is associated with alteration of the
tonotopic maps of primary auditory cortex, although the exact pattern of changes
to expect is unclear. Some animal studies support a maladaptive reorganization hy-
pothesis which posits that overrepresentation of the hearing loss or hearing-loss edge
frequencies causes tinnitus (analagous to the leading hypothesis concerning phantom
pain following the loss of a limb). More recent studies, quite differently, describe a
broader pattern of distortions in primary auditory cortex that favor hyperactivity in
low-frequency map areas, notably away from the hearing loss and presumed tinni-
tus range. Further, these studies are limited by the difficult of assessing subjective
tinnitus perception in animal (primarily rodent) models, which contributes to the
challenge of relating these findings to human patients. The value of our study is that
it confirms, for the first time, that plastic map changes do indeed exist in individual
human patients with hearing loss and tinnitus. It is precisely the individual subject
mapping, enabled by high-resolution imaging at 7T, which allowed to identify a map
distortions (hyperactivity and overrepresentation) which localize to a specific low-
frequency region of the map, peaking at approximately 300 Hz. Such a result was, in
principle, not obtainable by previous fMRI imaging studies of tinnitus, which relied
onmore standard inter-subject brain averaging for data analysis. This is because the
high anatomical variability of the temporal plane, including Heschl’s gyrus, leads to
rather poor alignment of the tonotopic maps in inter-subject analysis. Additionally
in the previous studies the data was acquired at lower field scanners that leads to
acquision of data with lower signal to noise ratio. Also of considerable interest is that
the map distortions occurred in the low frequency map region, irrespective of the pa-
tient’s hearing loss and tinnitus frequency range. In light of this frequency mismatch,
these results do not support the maladaptive plasticity hypothesis for tinnitus, but
do corroborate findings form other recent animal studies. We interpret the findings
to suggest that, in the human patients, gross plastic map distortions do exist but
are not the likely cause of tinnitus. Rather, these distortions may be a co-occurring
consequence of peripheral hearing loss, and could be related to other hearing-loss
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related pathologies such as hyperacusis. Tinnitus disorder is very heterogeneous.
Having access to a larger group of patients could make it possible to cluster them in
groups with the same specification of their tinnitus condition and therefore be able to
interpret the obtained result more specifically.
Detection of hyperacusis condition in tinnitus patients based onPLSC features that
link audiogram and fMRI tonotopy responses. Here, we tested the hypothesis that
the primary auditory cortex activity in our patients relates, at least in part, to hy-
peracusis, a hearing disorder commonly co-occuring with tinnitus. Hyperacusis is
characterized by increased loudness discomfort and decreased tolerance to normal
sound levels, and is a common symptom of age-related hearing loss. Little is known
about the neural origin of hyperacusis, although cortical hyperexcitibility appears
to be a strong candidate hypothesis. Interestingly, in our data, neither the patient’s
audiograms (behavioral measure) nor the neuroimaging data alone were sufficient
to classify the presence or absence of hyperacusis (as assessed by clinical diagnosis
of subject loudness report) in the tinnitus patient cohort. To explore further, we de-
veloped a partial least square correlation analysis (PLCS) which classifies based on
the cross-covariance information between the audiogram and the fMRI data. This
PLCS analysis provided a classification accuracy of 80%. The novelty of this study
is the unique combination of behavioral (audiogram) data and fMRI data for diag-
nosis. Importantly this study provides new information regarding the neural origin
hyperacusis, providing evidence for involvement of the primary auditory cortex.
Subject-specific parcellation of auditory cortex based on resting state fMRI func-
tional and effective connectivity. Non-invasive mapping of the human auditory
cortex remains challenging and is an area of active research. Here, we tested the
use of effective connectivity of resting-state fMRI date for parcellation of auditory
cortex. The value of such a method would be to provide a data-driven approach to
primary and secondary auditory cortex identification in cases when tonotopic map-
ping data is not available. We employed dynamic causal modelling (DCM) to make a
model of effective connectivity of auditory cortex with two other brain regions, the
hippocampus and basolateral amygdala, that shows the influence of these regions
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on each other in a directed graph representation. This modelling of resting state
fMIR data resulted in a segmentation of primary and secondary auditory cortices
with 74% accuracy, compared to atlas models. This work indicates a novel avenue for
data-driven parcellation of auditory cortex in human neuroimaging data. Moreover,
this data driven segmentation method can potentially be used for investigation of the
cortical reorganization in auditory disorders as tinnitus that influences the extrinsic
connectivity of primary auditory cortex.
6.2 Outlooks
Categorising tinnitus patients for better prediction of the obtained result: Tinnitus
disorder is very heterogeneous. Having access to a larger group of patients could
make it possible to cluster them in groups with the same specification of their tinnitus
condition. This could specify the obtained result
Effective connectivity in tinnitus: To better understand the underlyingmechanism of
tinnitus and the interactions of high-level cognitive brain systems on auditory cortex
processing as a result of this disorder, we couldmodel the effective connectivity within
a network of carefully selected brain regions [Elgoyhen et al., 2015]. Such a model
could potentially detect subtle changes in the intrinsic rorganization of spontaneous
activity measured with resting-state fMRI. This can be done, by applying state-of-
the-art spectral dynamic causal modeling (DCM) of resting-state fMRI data [Friston
et al., 2014]. As DCM is a unique Bayesian network modeling approach that can
provide information about both excitatory and inhibitory influences between regions,
the fitted model opens a unique window on these interregional interactions that
goes beyond conventional correlational analyses that are the basis of conventional
functional connectivity.
Measuring the inhibition: A promising animal study of hearing loss and tinnitus has
shown different changes in low vs. high frequency regions of the tonotopic map. That
study showed an increase in excitatory and inhibitory synaptic transmission in the
low-frequency range (resulting in a prominent low-frequency hyperactivity, as in our
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study), and also showed down-regulation of inhibitory synaptic transmission and
unaffected excitatory synaptic transmission in the high-frequency part of a tonotopic
map. [Yang et al., 2011]. The down-regulation of inhibition in the hearing loss range is
a strong candidate as a tinnitus mechanism. However, testing for neural inhibition in
human BOLD fMRI data is very challenging since any negative BOLD responses due
to inhibition may be counteracted by positive metabolic responses driving inhibitory
transmission. Thus in our experiment, we are potentially missing an important
tinnitus mechanism, namely that changes in inhibitory synaptic transmission in high-
frequency neurons. In order to investigate this, we suggest designing an experiment
based on repetition priming, a protocol shown to be applicable for the measurement
of inhibition [Henson and Rugg, 2001,Noppeney et al., 2006,Harms and Melcher,
2002]. Sounds of different frequency are played randomly followed by repetition of
the same frequency or presentation of a different frequency. It is expected that neural
inhibition (associated with habitation) decreases the response to the second stimulus
in the case of repetition, but not when a novel stimulus is presented. It is expected that
the down-regulation of inhibition in the high-frequency (hearing loss region) of the
tonotopicmap in tinnitus patients would inhibit the habituation. Therefore, we expect
to capture a relatively higher BOLD response amplitude, for repeated high-frequency
tones, in tinnitus patients compared to healthy controls.
Tinnitus treatmentbasedon sensory integration: Finally, we offer thoughts regarding
a potential non-invasive tinnitus treatment. In sensory impairments, the rehabilita-
tion process may based on the ability of the brain to link an existing sensory input
with the lost sensory input [Hillary et al., 2002,Naumer and Kaiser, 2010]. Addition-
ally, Based onmetamodal processing theory [Naumer and Kaiser, 2010], each brain
region is specific for a particular function regardless of the modality of the input,
thus cross-sensory stimulation may be an effective means of targeting and resetting
the activity of tinnitus-frequency specific neurons. This points towards a treatment
idea for tinnitus patients, particularly in the case of unilateral hearing loss like our
patient cohort. We suggest to train the patients, using their normal hearing ear, to
pair visual stimuli of varying visual spatial or temporal frequencies with sound stimuli
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of varying frequencies. The figure illustrates a disc flashing at different temporal
frequencies paired with sound stimuli of varying frequencies Fig.6.1. After multiple
training sessions, the patient is asked to follow, with the hearing impaired ear, a se-
ries of paired visual and sound stimuli, containing the hearing loss sound frequency
range. The patients are asked to imagine the frequency tone that they can not hear.
As the link between the visual and sound stimuli is built in the brain, viewing the
visual stimuli equivalent to the sound stimuli with hearing loss frequency tone, could
potentially stimulate neurons in the auditory cortex repressing that frequency the
tinnitus frequency leading to a renormalization of its response.
The advantage of this suggested means of stimulation is the possibility to target
a specific part of the auditory cortical map. In comparison, existing stimulation
methods based on transcranial electrical stimulation [Vanneste et al., 2013b,Vanneste
et al., 2013a,Theodoroff and Folmer, 2013] have been tested for tinnitus treatment.
However, these techniques suffer from poor spatial resolution and cannot reliably
target the primary auditory cortex and, thus far, have not succeeded in eliminating
tinnitus permanently.
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a b s t r a c t
We studied possible brain changes with functional MRI (fMRI) and ﬂuorodeoxyglucose positron emission
tomography (FDG-PET) in a patient with a rare, high-intensity “objective tinnitus” (high-level SOAEs) in
the left ear of 10 years duration, with no associated hearing loss. This is the ﬁrst case of objective cochlear
tinnitus to be investigated with functional neuroimaging.
The objective cochlear tinnitus was measured by Spontaneous Otoacoustic Emissions (SOAE) equip-
ment (frequency 9689 Hz, intensity 57 dB SPL) and is clearly audible to anyone standing near the patient.
Functional modiﬁcations in primary auditory areas and other brain regions were evaluated using 3T and
7T fMRI and FDG-PET.
In the fMRI evaluations, a saturation of the auditory cortex at the tinnitus frequency was observed, but
the global cortical tonotopic organization remained intact when compared to the results of fMRI of
healthy subjects. The FDG-PET showed no evidence of an increase or decrease of activity in the auditory
cortices or in the limbic system as compared to normal subjects.
In this patient with high-intensity objective cochlear tinnitus, fMRI and FDG-PET showed no signiﬁcant
brain reorganization in auditory areas and/or in the limbic system, as reported in the literature in pa-
tients with chronic subjective tinnitus.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction
Tinnitus is characterized by the perception of auditory signals in
the absence of any external sound source. It affects about 10e15% of
the population (Rauschecker et al., 2010), and in 1-3% of adults it
adversely affects quality of life. There are two types of tinnitus:
objective and subjective. Subjective tinnitus is more common and
may contribute to depression, insomnia and anxiety. The patho-
physiology of subjective tinnitus is still poorly understood, but is
most often associated with sensorineural hearing loss of various
origins. As a consequence of damage to the peripheral auditory
system, reduced auditory input reaches the central auditory neu-
rons within the affected frequency range, which in turn leads to
compensatory changes in the central auditory system. Therefore,
subjective tinnitus is a phantom perception of sound that may be
due to aberrant plastic reorganization within the auditory centers
of the brain. There is currently no standard treatment for the
management of subjective tinnitus, however behavioral therapies
are considered the most effective. Earlier studies of human brain
imaging using fMRI in patients with subjective tinnitus have sug-
gested reorganization in the auditory cortex (Rauschecker et al.,
2010; Melcher et al., 2000; Lockwood et al., 1998; Plewnia et al.,
2007; but see Langers et al., 2012). Furthermore, stress and
emotion canmodulate tinnitus with brain imaging studies showing
Abbreviations: BOLD, blood oxygenation level dependant; dB SPL, decibel sound
pressure level; EPI, Echo Planar Imaging; FDG-PET, 18F-ﬂuorodeoxyglucose positron
emission tomography; Hz, Hertz; LYSO, lutetium-yttrium-orthosilicate; OHCs,
Outer hair cells; OSEM, ordered-subset expectation maximization; PFL, paraf-
locculus of the cerebellum; SOAEs, Spontaneous otoacousitc emissions; SPM, Sta-
tistical parametric mapping; 3T fMRI, 3 T functional MRI; 7T fMRI, 7 T functional
MRI
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functional and anatomical differences in the limbic system between
tinnitus patients and controls (Rauschecker et al., 2010).
Objective tinnitus is much less common and corresponds to a
physical noise produced in the body and is audible to others. The
etiology is most often vascular and, more rarely, is related to other
causes such as palatal myoclonus, myoclonus of the tensor tympani,
tubal patency or cochlear damage. Objective tinnitus of cochlear
origin is due to a highly localized anomaly of the basilar membrane
at high frequencies with spontaneous activity of the outer hair cells
(OHCs) and it can be measured by Spontaneous Otoacoustic
Emissions (SOAEs). Some authors have described the correlation
between tinnitus pitch and SOAEs frequency (Prasher et al., 2001;
Roberts et al., 2010).
This article considers the case of a 30 year-old man who pre-
sented with a rare left ear objective cochlear tinnitus, of over 10
years duration, which is clearly audible to others standing near the
patient as a continuous high-pitched tone. Using functional mag-
netic resonance imaging (fMRI) and 18F-ﬂuorodeoxyglucose posi-
tron emission tomography (FDG-PET), we investigated possible
reorganization of the auditory cortex and limbic system in this
patient, as compared to healthy control subjects. The results of
three experiments (3T fMRI, 7T fMRI, and FDG-PET) showed no
large-scale reorganization of auditory brain areas, revealing a case
of overall resiliency to pathological sound exposure.
2. Materials and methods
2.1. Case report
The patient in this studywas a 30-year-oldmale, in good general
health, with no previous history of acoustic trauma, presenting
with a left continuous objective tinnitus of over 10 years duration.
The tinnitus was non-pulsatile and of high intensity and frequency.
The patient was bothered by the symptom and looked for possible
treatment. Validated French versions of the Subjective Tinnitus
Severity Scale (STSS) (Meric et al., 1996), the Hospital Anxiety and
Depression Scale (HADS) (Lepine et al., 1985), and the Tinnitus
Handicap Inventory (THI) (Ghulyan-Bedikian et al., 2010), were
used to evaluate the impact of the tinnitus. On the STSS, the pa-
tient's scorewas 8/16 indicating amoderate tinnitus discomfort. On
the HADD, the global score was 23/42 revealing moderate anxiety
(14/21) and slight depression (9/21) symptoms. The THI score was
74 points indicating a severe handicap (severe is more than 58
points). Finally, using a Visual Analogic Scale (VAS), the patient
evaluated at 9/10 the intensity and suffering of his tinnitus.
The otoscopy showed normal tympanic membranes bilaterally.
Weber's test was central and Rinne's test was positive on both sides.
CT-scan of the temporal bone followed by a cerebral and angio-MRI
failed to reveal any abnormality.
Otherwise, the patient underwent a complete neurovestibular
evaluation including caloric testing, video-head impulse test and
videonystagmography, which were normal.
2.2. Audiological assessment
2.2.1. Audiometry and impedancemetry
Pure tone audiograms were normal on both sides at all fre-
quencies, except for a rapid drop on the left side of up to 50 dB at
8 kHz, probably due to the tinnitus interfering with hearing
thresholds (Fig. 1).
Impedancemetry (objective test of middle-ear function evalu-
ating the mobility of the tympanic membrane and ossicular chain)
was normal (type A) on both sides.
2.2.2. Otoacoustic emissions recording
Otoacoustic emissions are produced by the outer hair cells ac-
tivity in the cochlea, either spontaneously (Spontaneous Otoa-
coustic Emissions e SOAEs) or in response to an acoustic stimulus
(Transitory Evoked Otoacoustic Emissions e TEOAEs) and can be
recorded with an intra-auricular probe. To measure the otoacoustic
emissions, we used the Madsen Celesta 503 device, Madsen Celesta
logiciel, NOHA system 3.6, GN Otometrics. SOAEs were recorded
bilaterally from 125 to 10,000 Hz and TEOAEs from 1000 to
4000 Hz. In the right ear, physiologic SOAEs were present with
small peaks of 8 dB SPL recorded at 5200 Hz and 7500 Hz. In the left
ear, pathological SOAEs were present with a highly abnormal sig-
niﬁcant peak of 57 dB SPL at 9689 Hz, producing an audible sound
(Fig. 1).
2.2.3. Functional neuroimaging
To test for possible brain reorganization, we performed three
neuroimaging experiments with the patient: (1) whole-brain
assessment of response to sound stimulation at the tinnitus fre-
quency with 3T-fMRI, (2) high-resolution assessment of the tono-
topic organization of the primary auditory cortex with 7T fMRI, (3)
evaluation of whole-brain metabolic activity with FDG-PET.
2.3. 3 T fMRI
We looked for changes in the activity in the auditory cortex
bilaterally and in the limbic system by comparing sound stimula-
tion at the SOAEs frequency with rest and with stimulation two
octaves lower in a silent event-related design protocol (for details
see Maeder et al., 2001).
2.3.1. Scanning methods and analysis
The MRI protocol was performed on a Siemens 3T Tim Trio
scanner and included a sagittal T1-weighted gradient-echo
sequence (MPRAGE, 160 contiguous slices, 1 mm isotropic voxel,
TR ¼ 2300 ms, TE ¼ 2.98 ms, FoV ¼ 256 mm) and the fMRI
acquisition. Functional scans were acquired with an EPI sequence
(TR¼ 1500ms, TE¼ 30ms, ﬂip angle¼ 90, FoV¼ 256mm). The 28
axial slices (matrix size 128*128 with 4 mm slice thickness) were
aligned with the anterior commissure-posterior commissure line.
During the experiment, we collected 20 vol for each condition. MRI
data were pre-processed and analyzed using Statistical Parametric
Mapping (SPM8, Wellcome Department of Imaging Neuroscience,
London, England; www.ﬁl.ion.ucl.ac.uk/spm/software/spm8/).
Functional images were corrected for motion along the experiment
by means of rigid-body transformation and then co-registered to
the high-resolution T1w acquisition. The anatomical images were
then normalized to the MNI T1 template and the normalization
parameters were applied to the functional images, which were
ﬁnally smoothed with a 6-mm Gaussian kernel. All the pre-
processing steps mentioned minimized the non task-related vari-
ability. Single-subject statistics were performed according to the
General Linear Model and contrasts of interest were thresholded
for peak height at p¼ 0.001 (uncorrected), with an extent threshold
(k) of 50 voxels.
2.3.2. Sound stimulation methods
During the active condition, the patient received binaural
stimulation (on/off) for 5 s followed by EPI acquisition (silent event-
related paradigm, Hall, et al., 1999; Maeder et al., 2001) every 15 s.
The 5 s stimulation included 16 pulsed sounds (pure tone bursts of
150 ms, the amplitude multiplied with half sine-wave function)
either at the SOAEs frequency (9689 Hz, 90 dB SPL) or two octaves
below (2422 Hz, 75 dB SPL, for a perception of similar loudness to
the SOAEs frequency). The tone stimuli were sampled at 44.1 kHz
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and were delivered by MR-compatible earplug headphones
(AudioSystem, Nordic NeuroLab Bergen, Norway). The 5 s stimu-
lation was repeated 5 times for each condition and followed by ﬁve
rest acquisitions; this cycle was repeated four times.
The stimulus was not masked by scanner noise. During fMRI,
following the sparse sampling technique (Hall et al., 1999; Edmister
et al., 1999), the stimulus was not presented during the scanner
noise and the tinnitus could be heard normally. The use of stimu-
lation earphones did not alter the perception of the tinnitus.
2.4. 7 T fMRI
High-resolution tonotopic maps of the primary auditory cortex
were obtained with functional 7T MRI. Normally, neurons of pri-
mary auditory cortex are arranged in spatial gradients according to
their preferred sound frequencies from low to high. Previous
studies from our laboratory (Da Costa et al., 2011; Da Costa et al.,
2013) have demonstrated the consistency with which we can
measure cortical tonotopic maps with high-resolution 7T imaging
in human subjects with normal hearing. The human primary
auditory cortex is situated bilaterally on the transverse temporal
plane centered on Heschl's gyrus. Moving from the posterior to the
anterior end, we normally observe two complete tonotopic gradi-
ents (“high to low” followed by “low to high”) that correspond to
the primary cortical regions A1 and R (Fig. 2). Both of these regions
correspond to the primary core region and this organization is
largely homologous to that observed in non-human primates
(Saenz and Langers, 2014).
2.4.1. Scanning methods
Blood oxygenation level-dependent (BOLD) functional imaging
was performed with an actively shielded 7T Siemens MAGNETOM
scanner (Siemens Medical Solutions) located at the Centre
d'Imagerie BioMedicale (CIBM) in Lausanne, Switzerland. fMRI data
were acquired using an eight-channel head volume rf-coil (RAPID
Biomedical) and an EPI pulse sequence with sinusoidal readout
(1.5  1.5 mm in-plane resolution, slice thickness ¼ 1.5 mm,
TR ¼ 2000 ms, TE ¼ 25 ms, ﬂip angle ¼ 47, slice gap ¼ 0.07 mm,
matrix size ¼ 148  148, ﬁeld of view 222  222, 30 oblique slices
covering the superior temporal plane. The ﬁrst three EPI images of
each BOLD sequence were discarded).
BrainVoyager QX software v2.3 was used for standard fMRI data
analysis. The tonotopic maps follow the convoluted cortical surface
and are most easily viewed on cortical surface renderings. Cortical
surface meshes were generated for the patient based on his own
high-resolution 3D anatomical brain scan (1 x 1 1 mm, MPR2AGE
T1-weighted sequence).
Fig. 1. Pure tone audiogram: Normal hearing on both sides except for a rapid fall in the very high frequency range on the left ear up to 50 dB at 8 kHz (Masking by the high-level
SOAE is a probable explanation). Spontaneous otoacoustic emissions (SOAEs): left ear shows a pathological peak of 57 dB SPL at 9689 Hz (arrow) corresponding to the audible
tinnitus.
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2.4.2. Sound stimulation methods
The tonotopic mapping stimulus follows a “phase-encoded”
mapping paradigm. Also know as the “traveling wave” technique,
this paradigm has been shown to be highly efﬁcient for mapping
visual retinotopy and auditory tonotopy (Engel et al., 1994; Sereno
et al., 1995; Talavage et al., 2004; Engel, 2012). Brieﬂy, the mapping
stimulus is designed to generate a wave of response across the
tonotopic maps of the cortex, peaking earliest at low frequency
endpoints and progressively later in parts of the map preferring
higher sound frequencies. Hence, the time-to-peak of the response
(i.e. the response phase) reveals the preferred frequency of each
responsive voxel.
The auditory stimuli were pure tones of 16 distinct frequencies
presented in increasing order from low to high: 88, 125, 177, 250,
354, 500, 707, 1000, 1414, 2000, 2828, 4000, 5657, 8000, 11,314, and
16,000 Hz (half-octave steps). The transition from low to high fre-
quencies occurred over 32 s (2 s presentation of each frequency)
followed by a 4 s of silence. This 36 s period was cycled 15 times
during a continuous 9 min scan run. The tone stimuli were gener-
ated with a sampling rate of 44.1 kHz and were delivered via MRI-
compatible headphones (AudioSystem, Nordic NeuroLab). The
sound intensity of each frequency was chosen between 82 and
97 dB SPL to equate perceived loundness according to standard
equal-loudness curves (ISO226, 85 phon). To minimize exposure to
scanner noise, the patient (and controls) wore earplugs during the
experiment which reduced background noise by about 24 dB. This
means that a signiﬁcant amount of scanner noise remains, of which
it is difﬁcult to assess the impact. However, it is controlled for in the
sense that the background noise is the same for both the patient
and the control subjects. According to the patient's self-report, the
tinnitus remained hearable during the scanning session. Subjects
(the patient and 5 normal hearing control subjects) were instructed
to keep eyes closed during scanning. Linear cross-correlation
analysis was used to determine the temporal delay that best ﬁt
the measured fMRI response time course of each voxel and to
assign a corresponding best frequency. Brieﬂy, the measured fMRI
time courses were correlated with model time courses of 16
different delays corresponding to each sound frequency, and
frequency-preferences were assigned according to the corre-
sponding delay of highest correlation value. Model time courses
were constructed by convolution with a standard two gamma he-
modynamic response function (HRF) assuming a 5 s time to
response-peak in the BOLD response (Glover, 1999). Response
amplitudes (in % fMRI signal change) were determined as the
maximal signal change of voxels assigned to each sound frequency,
as in Da Costa et al., 2015. Response amplitudes were compared
between the patient and controls.
2.5. FDG-PET
A fasting period of more than 6 h was respected by the patient
before the PET study. The patient received an intravenous injection
of 200MBq of 18F -FDG after resting comfortably in a quiet, dimmed
room. He was instructed not to speak or move. The patient wore
earplugs and phonic isolation headphones during the initial resting
phase (20 min) before radiotracer injection and PET acquisition
starting immediately after. A PET/CT scanner (Discovery-690 time-
of-ﬂight scanner. GE Healthcare, Milwaukee, WI) combining
lutetium-yttrium-orthosilicate (LYSO) block detectors with a 64-
slice CT scanner was used for image acquisition and 3D iterative
reconstruction was performed using ordered-subset expectation
maximization (OSEM) using a 256  256 pixels matrix, with a ﬁnal
image resolution of about 4e6 mm FWHM. The PET data was
analyzed with the 3D-Stereotactic Surface Projections Neurostat
Software (3D-SSP, Department of Radiology, University of Wash-
ington, Seattle, WA, USA, http://128.208.140.75/~Download/). A
subsequent analysis compared to a database of 20 healthy persons
of the samemean age using SPM8with a p-value < 0.001, corrected
for cluster size (Guedj et al., 2010).
3. Results
In the patient, we identiﬁed pathological SOAEs on the left ear
with a signiﬁcant peak of 57 dB SPL recorded at 9689 Hz. This
highly abnormal spontaneous activity of OHCs generates a
continuous tonal tinnitus at 57 dB SPL that is clearly audible to
others standing near the patient.
First, we looked for brain reorganization in the auditory path-
ways and the limbic systemwith 3T fMRI. Results did not reveal any
activation of primary auditory cortex when comparing stimulation
at the SOAEs frequency with rest. There was no asymmetry of the
response to the stimulus at the tinnitus frequency since no
response at all could be obtained. The comparison of the lower
frequency (two octaves lower, see Method for details) with the
SOAEs frequency showed bilateral activation of the middle Hechl's
gyrus with a slight predominance in the left hemisphere (Fig. 3). No
activation in the limbic areas was observed.
Secondly, we tested using 7T fMRI for a change in the tonotopic
maps of primary auditory cortex, with the hypothesis that a long-
term noise at the same frequency could create a change in the
auditory area. We observed that the tonotopic mapping results of
the patient were in the normal range (Fig. 4a) based on qualitative
Fig. 2. Tonotopic mapping in auditory cortex with 7T fMRI. (a) Sound stimuli were pure tone bursts presented in cycled progressions from low to high frequencies: 88 to 16,000 Hz
in half-octave steps. Each 32 s progression from low to high (red-to-blue color scale) was followed by a 4 s stimulus pause. Sound stimuli were designed to induce a traveling wave
of response across cortical tonotopic maps: fMRI responses peak sooner in map regions preferring low frequencies and progressively later in regions preferring higher frequencies.
(b and c) Resulting color-coded frequency maps are projected onto the subject's cortical surface meshes, as shown here in a normal hearing control subject. Surfaces were minimally
inﬂated to expose the auditory cortex on the temporal plane (adapted from Da Costa et al., 2011).
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comparison to 20 individual hemispheres of healthy young adults
without tinnitus (Da Costa et al., 2011). In both left and right brain
hemispheres of the patient, mappings of sound frequency prefer-
ence (“high-to-low” followed by “low-to-high”) corresponding to
primary auditory regions A1 and R appeared normal (see Da Costa
et al., 2011). These tonotopic maps appeared normal in terms of
location (centered on Heschl's gyrus of the temporal lobe of each
hemisphere) and orientation (overall posterior-to-anterior). Fig. 4b
displays the preferred frequency as a function of distance along the
cortical surface in each hemisphere. Note the distinct “V-shape”
indicative of the two continuous and gradual tonotopic transitions.
We did not observe a gross overrepresentation of sound fre-
quencies in any frequency range. The x,y,z Talairach coordinates of
the patient's estimated left and right map endpoints (left: [-39 -22
5], [-45 -25 3]; right: [40 -21 6], [46 -29 12]) were in the range of
ﬁve normal-hearing control subjects (mean ± sd; left:
[-38.8 ± 4.0e21.4 ± 2.7 3.0 ± 6.8], [-44.0 ± 5.6e27.2 ± 4.8 3.8 ± 3.3];
right: [41.2 ± 4.1e18.2 ± 4.7 4.4 ± 3.8], [49.0 ± 4.7e28.2 ± 6.2
9.2 ± 4.1]). Fig. 5 shows response amplitudes to each sound fre-
quency in the patient compared to the ﬁve normal-hearing control
subjects. The response amplitudes of the patient were within the
range of the control subjects and were not signiﬁcantly different
from controls at any frequency (t-tests, p > 0.05). Finally, we
investigated for evidence of hypermetabolism in the brainwith the
FDG-PET. This examination revealed no abnormalities. Images were
compared to a database of normal, age-matched control subjects
using the 3D-Stereotactic surface projections software 3DSSP
Neurostat, which showed no signiﬁcant abnormalities. Further-
more, The PET data were subsequently compared to a database of
20 healthy persons of the samemean age using SPM8 and p-value <
0.001, corrected for cluster size (Guedj et al., 2010). This analysis did
not further identify any area of abnormally increased or decreased
glucose metabolism.
4. Discussion
Spontaneous otoacoustic emissions (SOAEs) are thought to arise
as a response to random perturbations in cochlear mechanisms due
Fig. 3. 3T fMRI results. Image represents clusters more active during stimulation at
2422 Hz (two octaves lower than SOAE frequency) than at 9689 Hz (SOAE frequency).
The slice is located at z ¼ 12 mm in MNI space. Map is thresholded at p < 0.001, k ¼ 20
voxels. Colorbar represents T-values.
Fig. 4.. (a) Tonotopic maps in the patient with objective tinnitus: tonotopic maps sound frequency preference (“high-to-low” followed by “low-to-high”) corresponding to primary
auditory regions A1 and R were observed in each brain hemisphere. These tonotopic maps appeared normal in terms of location (centered on Heschl's gyrus on the temporal plane
of each hemisphere) and orientation (overall posterior-to-anterior), suggesting that the global tonotopic organization of the patient remains intact. (b) Plots of preferred frequency
within a posterior-to-anterior strip across the surface Heschl's gyrus in right and left hemispheres, respectively: the distinct “V-shape” shows two continuous and gradual tonotopic
transitions in each hemisphere corresponding to regions A1 and R.
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to irregularities in the OHC arrangement or due to a highly localized
anomaly of the basilar membrane at high frequencies (Prasher
et al., 2001). Small peaks across the frequency spectrum in the
cochlea (generally not exceeding 20 dB SPL) can be recorded,
inconsistently, in normal hearing subjects. Very rarely and excep-
tionally, more severe SOAEs can be recorded as audible sounds
classiﬁable as objective non-pulsatile tinnitus. Only nine cases of
objective tinnitus measured by SOAE equipment have been previ-
ously described in the literature (Glanville et al., 1971; Huizing and
Spoor, 1973; Mathys et al., 1991; Yamamoto et al., 1987), but the
tinnitus frequency and loudness were lower than in our patient. In
Glanville et al., there was a familial history of high frequency
tinnitus and the authors suggested a genetic defect in the cochlea
associated to a venous abnormalities at the base of the skull. The
others studies described 6 people with high-intensity SOAEs
measured in normally hearing ears and emission failed to syn-
chronize to external click stimuli (TEOAEs). They hypothesized that
high-intensity SOAEs are associated with damage to the cochlea. In
these studies, the associated hearing loss observed in ﬁve patients
was explained by a masking effect due to the high intensity SOAEs.
Here we studied a rare case of objective tinnitus associated with
clearly audible SOAEs. Given the continuous tonal quality of our
patient's objective tinnitus, we hypothesize that it is generated by
activity of the outer hair cells, in contrast to myogenic or vascular
origins which produce pulsatile, non-tonal sounds. In the cochlea,
only outer hair cells are contractile and would appear to be capable
of emitting pure tone sounds. To our knowledge, this is the ﬁrst case
report of objective tinnitus to be studied with neuroimaging. We
considered the possibility of changes in auditory brain centers,
particularly in the cortex and in the limbic system, based on the
ﬁndings of previous studies of auditory plasticity and of subjective
tinnitus in both humans and animal models.
Firstly, animal studies of auditory plasticity have shown that
repeated exposure to a particular sound frequency can alter the
tonotopic maps of auditory cortex, resulting in overrepresentation
of that frequency (Recanzone et al., 1993). However, the map
reorganization depended on pairing the sounds with an attentive
task requiring the animal to focus on the frequency content
(Recanzone et al., 1993; Polley et al., 2006). Tonotopic map alter-
ations may also be possible following long-term passive sound
exposure (Nore~na et al., 2006). In our patient, the duration of sound
exposure largely exceeds those studies and the speciﬁc attentional
state afforded to the sound is unknown.
Second, previous studies of subjective tinnitus in both animal
models and humans report a number of associated changes in the
auditory cortex. Subjective tinnitus is often associated with
sensorineural hearing loss. Nerve deafferentation due to the
destruction of hair cells induces changes in the central auditory
pathways leading to the perception of a phantom tinnitus
(Rauschecker et al., 1999). Usually, the pitch or the tinnitus corre-
sponds to the hearing loss range (Roberts et al., 2010; Mühlau et al.,
2006; Melcher et al., 2000, 2009). Animal models of subjective
tinnitus consistently show elevated responses throughout the
central auditory system including elevated spontaneous and stim-
ulus driven activity, increased bursting and neural synchrony, as
well as down-regulation of inhibition (Nore~na and Eggermont,
2003; Mulders and Robertson, 2009; Seki and Eggermont, 2003).
Others have reported tonotopic changes including expansion of
lesion-edge frequency areas (Seki and Eggermont, 2003; Nore~na
and Eggermont, 2005) or more global distortion pervading the
entire tontotopic map organization (Engineer et al., 2011; Yang
et al., 2011). Earlier studies of human brain imaging with fMRI
and FDG-PET have shown abnormal responses in central auditory
brain regions in patients suffering from chronic subjective tinnitus
(Rauschecker et al., 2010; Melcher et al., 2000; Lockwood et al.,
1998; Plewnia et al., 2007) with some suggesting cortical tono-
topic map distortion (Muhlnickel et al., 1998; Wienbruch et al.,
2006). However, in most studies of subjective tinnitus it is difﬁ-
cult to disentangle the effects of tinnitus from more general con-
sequences of hearing loss. Notably, Langers et al., 2012 tested
subjective tinnitus patients with only minimal hearing loss and,
like us, reported a lack of macroscopic changes in the tonotopic
maps.
Finally, neuroimaging studies have also described changes in the
limbic-related brain areas in subjective tinnitus patients, including
alterations in some parts of the limbic networks and signiﬁcant
grey matter decreases in the right inferior colliculus and in the left
hippocampus, when compared to controls (Lockwood et al., 1998;
Mühlau et al., 2006; Landgrebe et al., 2009; Schlee et al., 2009).
Leaver et al., 2011, suggested that interactions between the limbic
corticostriatal network and primary auditory cortex may be key to
understanding the pathophysiology of chronic subjective tinnitus.
This interaction may be an important gateway to centers mediating
emotional control and memory. In addition, the limbic system may
participate in the suppression of the tinnitus signal. If this “noise
cancellation system” works properly, the tinnitus is transient
(Rauschecker et al., 2010). If this mechanism fails, patients become
aware of their tinnitus. Recently, functional imaging in rats with
tinnitus showed evidence of elevated neural activity in the paraf-
locculus of the cerebellum (PFL), which was not observed in normal
rats. This suggests that plastic changes in the PFLmay also serve as a
tinnitus generator (Bauer et al., 2013).
Based on these observations in animal models and in patients
with subjective tinnitus, we investigated whether our objective
tinnitus patient would have aberrant brain reorganization in the
auditory cortex, reorganization in the tonotopy of the auditory
cortex and/or activation in non-auditory areas (i.e. limbic and para-
limbic areas), which would reﬂect an emotional reaction to
tinnitus. Functional imaging and FDG-PET in this patient failed to
reveal any major changes. The 3T fMRI experiment showed no
activation in the primary auditory cortex when comparing stimu-
lation at the SOAEs frequency with rest, but revealed bilateral
activation or the Hechl's gyrus when comparing the SOAEs fre-
quency with lower frequencies. This observation is compatiblewith
a saturation of the measurable auditory cortex response at the
tinnitus frequency due to continuous SOAE stimulation. Saturation
effects have been previously described in fMRI responses in
Fig. 5.. Plot of response amplitudes (in % fMRI signal change) to each sound frequency
in the patient compared to normal-hearing control subjects (no difference at any
frequency, p > 0.05). Overall, the results suggest that the global tonotopic organization
of the patient remains within the normal range.
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auditory cortex (Talavage and Edmister, 2004). Except for this
probable saturation effect in the primary auditory cortex at the
SOAEs frequency, neither gross reorganization of the central audi-
tory system nor changes in the limbic-related brain areas were
observed.
Testing with 7T fMRI revealed overall normal tonotopic maps of
primary auditory cortex in terms of location and orientation as
shown in Fig. 4. While these ﬁndings do not exclude the possibility
of ﬁner scale reorganization, they do suggest that the global
tonotopic organization of the patient's primary auditory cortex
remained intact. It should be noted that a methodological limita-
tion in our tonotopic mapping is that sound frequencies were
presented only in increasing order. Previous applications of phase-
encoded mapping emphasize the importance of presenting map-
ping stimuli also in the reverse direction, to conﬁrm responses do
not depend on stimulus order (Talavage et al., 2004). In particular,
responses at map endpoints could be inﬂuenced by sound offsets
and onsets, as opposed to strict frequency-dependence. In our
previous tonotopic mapping study, both stimulus directions were
applied and we observed that the two major gradients of primary
auditory cortex were largely stable, irrespective of stimulus order
(Da Costa et al., 2013, Fig. 3). Future tonotopic mapping experi-
ments should ideally apply both stimulus directions each time.
The FDG-PET examination did not identify any abnormal
metabolic activity in the auditory cortex and limbic areas, also
suggested an absence of brain changes in this patient. A possible
limitation of FDG-PET imaging is its intrinsic spatial resolution
(4e6 mm), where low-intensity metabolic changes in small-sized
brain structures could be missed due to partial volume effects.
The difference in ﬁndings between our patient and those with
subjective tinnitus may be due to the fact that objective cochlear
tinnitus is peripheral in origin, producing a continuous neural
excitation from the labyrinth, while subjective tinnitus might be
maintained by cortical reorganization as a consequence of senso-
rineural hearing loss.
5. Conclusions
Functional and metabolic imaging in our patient with chronic
cochlear objective tinnitus showed no gross distortions in auditory
cortical organization and/or in limbic system responses, as
observed in patients with chronic subjective tinnitus, despite the
presence of chronic objective tinnitus of over 10 years duration.
Subjective tinnitus seems to be maintained by cortical reorgani-
zation as a consequence of sensorineural hearing loss. On the
contrary, objective cochlear tinnitus is peripheral in origin and,
while ﬁner-scale neural changes may exist, the results of our three
experiments suggest an overall resilience of the central auditory
system, despite long-term pathological sound exposure.
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B Supplementary material for Chapter 4
This work has been presented as this poster in the Annual Meeting of Organization
For Human Brain Mapping June. 2016, Geneva.
Relatingaudiogrammeasures and fMRI tonopic responses in tinnitus patientswith
and without hyperacusis
Summary: Here we used partial least squares correlation (PLSC) to investigate the re-
lationship between audiogrammeasures and fMRI tonotopic response for comparing
tinnitus patients with and without the hyperacusis condition. We found that allowing
PLSC to split the audiogrammeasures reveals group differences at different (higher)
frequency tones that if we allow PLSC to split the fMRI tonotopic responses. The
reason could be that the functional changes of hyperacusis in response to different
frequency tones at the cortex level are more general because of the homeostatic plas-
ticity that doesn’t get limited to separate set of voxels, representing specific frequency
tone. Our results not only reveal this difference in relationship between audiogram
and brain signals depending on the hyperacusis condition, but also open new avenues
to study the underlying neural mechanisms.
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